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ABSTRACT 
 
 A number of genotyping methods have been developed for mutation 
analysis, each of which has its own unique advantage. DNA amplification via 
polymerase chain reaction (PCR) provides an unlimited supply of material for 
subsequent genetic analysis even in case where only a single copy of the DNA 
molecule is present in the sample. Research presented in this dissertation first 
examines the efficiency of in vitro amplification of single copy DNA with 
subsequent sequencing analysis of PCR product. The PCR products (amplicons) 
were investigated for possible alteration, distortions or mutations due to the 
amplification process. The sequencing data for single copy amplification 
indicated a read length of 424 bases could be achieved with read accuracy of 
99.3%.  
 A confocal detection system was constructed to monitor the fluorescence 
signature from single DNA molecule labeled with near infrared (NIR) dyes. The 
performance of the system was first tested by applying single photon burst 
technique to detect double-stranded DNA molecules in polymeric devices. 
Sampling efficiencies were investigated by physically narrowing the channel 
sizes of the microdevices and by applying electrokinetic focusing. The narrow 
channels showed 4 times improvement in a 15 µm channel compared to a 50 µm 
channel.  Similar results were demonstrated in the focusing studies. Single 
molecule sizing of λ-DNA, M13, pUC19 and pBR322 DNA using single photon 
burst was also demonstrated. In addition single molecule detection of a NIR 
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chromophore NN383 was analyzed in PC devices and a detection efficiency of 
94% was achieved.  
 The other application for the NIR system was in a new strategy for 
analyzing molecular signatures of disease states in real-time using single-pair 
fluorescence energy transfer (spFRET) coupled with ligase detection reaction 
(LDR) to rapidly detect single base mutations in codon 12 of K-ras oncogene 
which has high diagnostic value for colorectal cancer. LDR-spFRET provided the 
necessary specificity and sensitivity to detect single point mutations in as little 
600 copies of human genomic DNA without PCR amplification at a level of 1 in 
1000 wildtype sequences. In addition the assay demonstrated analysis times < 5 
min. 
INTRODUCTION 
 
I.1. Overview of the Human Genome Project 
 
In June 2000, a rough draft of the human genome was completed. 1, 2 The 
draft sequence provided a scaffold of sequences across 90% of the human 
genome. Some of the main goals of the project were to identify the entire 30,000 
genes in the human genome, determine the sequence of all the 3 billion chemical 
bases that make up the human genome, and store this information in a database. 
Due to this an avalanche of genome data has been produced. This brings new 
challenges to biological studies in transcription, proteomics, structural genomics, 
experimental methodologies and comparative genomics. Conversely, 
deciphering the genome has allowed development of new technologies for 
diagnosing and treating human disease through mutation or polymorphism 
analysis of disease-causing genes. 
I.2. Genetic Variations and Diseases 
 
Over 4000 genetically related diseases affect human beings 
(http://www.hhmi.org/genetictrail/f100.html). These diseases are caused by faulty 
genes within the human genome. As illustrated in Figure I.1, genes are segments 
of double stranded DNA that hold instructions for making specific molecules, 
usually proteins. Genes determine the hereditary traits that are observed in 
human beings and also play a part in physical appearances, behaviors and 
health. Inside each of the genes, instructions are encoded in varying sequences 
of four chemical bases, namely adenine (A), cytosine (C), guanine (G) and 
thymine (T). The chemical bases are linked to form a threadlike material called 
DNA, which is packed into 23 pairs of chromosomes inside the cell nucleus. 
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 Figure I.1. Schematic representation of the entire composition of the human 
genome.3 
 
Therefore, the human genome is like a manual having all the genetic information 
that is required to build a human being. Alterations within the DNA sequence of 
disease causing genes may result in human diseases such as, breast cancer 
(BRCA1, BRCA2), diabetes (IDDM4), cystic fibrosis (CFTR) and Alzheimer’s 
disease (APOE). These alterations occur in the form of single or multiple 
substitutions, insertions and deletions, amplifications or large deletions within the 
gene. Therefore, analyzing these alterations (mutations) in DNA sequences 
would provide vital information for the development of molecular diagnostic tools 
and DNA-based drugs. 
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I.3. Structure of DNA  
 
 Deoxyribonucleic acid (DNA) structure has been used to illustrate the 
basic principles common to all biomolecules. It is a linear polymer that is 
composed of four different monomers. Each monomer consist of a sugar-
phosphate unit with one of the four bases (A, C, G, T) attached to the sugar as 
shown in Figure I.2. 
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Figure I.2. Covalent structure of DNA showing the deoxyribose (sugar), 
phosphate and available base protruding from the sugar-phosphate backbone. 
 
The sequence of the chemical bases along the DNA strand defines the genetic 
information (i.e. instruction for assembling proteins). Most DNA molecules consist 
of two single stranded DNA molecules intertwined together to form a DNA double 
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helix structure that was first proposed by Watson and Crick in 1953.4 The two 
strands are held together by hydrogen bonds between specific base pairs (i.e. A 
pairs with T and G pairs with C as shown in Figure I.3). 
 
 
Figure I.3.  DNA bases arranged in a double helix structure that illustrates the 
Watson Crick base pairing. Dashed lines represent hydrogen bonding.5 
 
I.4. Mutation Detection 
 
 Mutations are genetically inheritable alterations within a gene or group of 
genes.  In most cases, such DNA changes either have no effect or cause harm. 
Occasionally mutations can improve an organism's chance of surviving and 
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passing the beneficial change on to its descendants. Mutations fall in several 
categories, namely; 
• Point mutations: These are small changes due to a single nucleotide 
base. This type of mutation may lead to a change of amino acids within a 
protein, sometimes changing its properties. For example, single nucleotide 
changes in the second position of a codon, GGT, coding for glycine, may 
mutate to GAT coding for aspartate. 
• Deletions/additions: A deletion could be as small as a single base or as 
large as the gene itself. The removal or additions results in a frameshift, 
leading to new amino acids.  
• Insertions: Occur when extra DNA is added into an existing gene.  
Mutations associated with certain types of diseases may be located on a 
particular locus or several different loci along a segment of a gene. Both 
scanning and diagnostic methods have been developed to detect these 
mutations.  Mutational screening methods are generally applied in cases where 
location of the mutations along the genes are not known. Once the mutation is 
located, diagnostic methods are employed in order to characterize the alteration. 
Both methods are categorized based on three major techniques namely, DNA 
mapping, hybridization, and amplification. 
I.5. Research Focus 
 
In this dissertation, I focus on the development of rapid and highly 
sensitive strategies for detection of mutations at the single molecule level. In one 
development, DNA sequencing was used as a diagnostic tool for determining the 
presence of mutations in polymerase chain reaction (PCR) products amplified 
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from a single DNA molecule. Two polymerase enzymes were investigated and 
their amplification process was analyzed via DNA sequencing to determine which 
enzyme produced high quantities of uniformly amplified DNAs that were not 
altered, distorted or mutated by the amplification process. In addition, a near 
infrared laser-induced fluorescence (NIR-LIF) system capable of performing 
single molecule measurements was developed. The system was used to detect 
single DNA molecules in polymer-based microfluidic devices. Another area that I 
focused on involved development of real-time mutation detection assays to 
rapidly detect point mutations in unamplified genomic DNA. The assay coupled 
the sensitivity of single-pair fluorescence resonance energy transfer (spFRET) 
with the specificity of ligase detection reaction (LDR) to analyze point mutations 
in codon 12 of a K-ras oncogene that is highly associated with colorectal cancer. 
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CHAPTER 1. GENOMIC ANALYSIS 
 
1.1. Genome Analysis 
 
In the past decade a variety of techniques have been developed to identify 
genes responsible for a given phenotype and characterize how a given mutation 
within the gene affects the function of proteins.  Gene identification has an impact 
in three major areas, namely protein function, mutation identification/detection 
and gene expression. Information on functional genomics can be useful in drug 
therapy, gene expression can be applied in gene therapy, and mutation 
identification is useful in molecular diagnosis. As a result, molecular diagnostic 
strategies have been developed to identify and analyze certain molecular 
markers that are responsible for disease states in the human.  
Analysis of genomes in a clinical laboratory for diagnostics mainly involves 
a number of steps illustrated in Figure 1.1. Genomic samples may be collected 
from body tissues, whole blood samples, urine, sputum, or feces using either 
surgical techniques, endoscopy, or basic laboratory protocols. Collected samples 
are subjected to an isolation step, where genetic DNA can be extracted and 
purified. This is mainly accomplished through some well established protocols 
such as ultracentrifugation, cell lysis, liquid-liquid extraction, precipitation, or 
solid-phase extraction. Typically, extraction protocols involve incubating the 
collected samples in cell lysis buffers containing sucrose/proteinase K at 37 0C 
for 24 hours, followed by phenol/chloroform extraction and ethanol purification. 
Following the genomic DNA extraction, selected genes of interest within the 
genome are amplified for further analyses. Many developed techniques for 
mutation detection apply PCR due to its exponential amplification. 1-3 Hence 
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millions of copies can be generated from a few copies for analysis. PCR is a 
cyclic process that involves three distinct steps of denaturation, primer annealing 
and extension that are repeated several times.  
 
            
Removal/collection of body samples
Isolation, extraction and purification of genomic DNA 
Amplification of selected genes
Discriminative screening of mutations
Analysis of discriminative reactions
Figure 1.1. Schematic illustrating different steps of typical clinical diagnostic 
assay. 
  
The template is denatured and two specific primers anneal to two separate sites 
on opposite template strands. After annealing the primers, an extension in the 
5’→3’ direction is accomplished by a DNA polymerase enzyme to yield 
overlapping copies of the original template. Even though PCR is the gold 
standard for most mutation analysis techniques, it has some drawbacks. The 
exponential amplification renders the process susceptible to misinterpretation 
due to contamination, mis-priming and formation of artificial artifacts. Hence, 
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quantitative studies using PCR are not very reliable.  Even though the problem 
can be overcome through additional modification of the protocol, high-throughput 
assays which require rapid and accurate analysis are not possible. 
Another amplification technique that has been applied for mutation 
identification is strand displacement amplification (SDA). 4- 7 SDA is an isothermal 
process that utilizes a series of primers to amplify a unique nucleic acid 
sequence exponentially. This process occurs mainly through two steps; the 
target generation phase and the exponential amplification phase. The target 
amplification phase involves first the denaturation of double stranded DNA 
(dsDNA) into single stranded DNA (ssDNA). Then amplification primers that are 
designed with a restriction enzyme recognition site at its end are used together 
with DNA polymerase to generate altered target DNA. A restriction enzyme is 
then used to cleave one of the strands thus forming a nick. DNA polymerase 
would then recognize the nick and extend the strand from the nick, displacing the 
previously created strand. This process is repeated by the restriction enzyme and 
DNA polymerase with continuous displacement of the DNA strand containing the 
target sequence. 
 Rolling circle amplification (RCA) has also been developed and applied in 
mutation detection assays. 8- 11 RCA is an isothermal process that applies DNA 
polymerase to replicate circularized oligonucleotide probes using either a linear 
or geometrical amplification. Circular DNA target probes together with specialized 
polymerases are used in RCA to generate long, single stranded DNA products 
comprised of thousands of copies of the circle. RCA is advantageous for 
mutation identification due to its isothermal nature, making the assay amenable 
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to automation and miniaturization within a microtitre plate format. In addition, the 
method offers an unprecedented increase in sensitivity over conventional protein 
and nucleic acid assay methods. The high sensitivity of the process has allowed 
the method to be coupled with other diagnostic assays such as ligation to detect 
mutations directly in genomic samples without PCR.  
 Invader signal amplification reaction (ISAR) is another amplification 
method that utilizes structure-specific enzymes to cleave complexes formed by 
hybridization of overlapping oligonucleotide probes (i.e. upstream oligonucleotide 
and primary probe). 12- 14 Under isothermal conditions, the elevated temperatures 
and excess allele-specific probes facilitate the cleavage of multiple probes for 
each target sequence. The cleaved allele-specific probes are then used in a 
secondary reaction as the invader substrate where a labeled secondary probe is 
cleaved. This signal amplification step generates ~106-107 target sequences of 
labeled cleavage products in 60 minutes. This amount is sufficient to detect 
mutations without the need for a target amplification process such as PCR. 
1.2. Mutation Detection Techniques 
 
 After the amplification of selected genes, discriminative screening of 
polymorphisms/mutations is carried out by two main methods namely, mutation 
scanning and mutation diagnostic methods. Mutation scanning methods are used 
to search for unknown mutations while diagnostic methods are applied for the 
detection of known mutations. Restriction fragment length polymorphism (RFLP) 
was the first screening technique that was successfully applied in detection of 
DNA mutations. 15, 16 The method applies a restriction endonuclease enzyme  that 
recognizes short sequences and cuts them to generate short DNA fragments. 
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Mutations that occur within the restriction site change the fragmentation pattern, 
therefore, separation and analysis by electrophoresis can be used to determine 
the presence of the mutation. RFLP is limited by the fact that DNA variations 
must occur at an existing site and therefore only a small fraction of the mutation 
can be screened with a single test or an additional site must be created by the 
mutation.  
 The limitation of RFLP prompted researchers to develop new scanning 
methods capable of screening a large fraction of bases in a DNA segment. Most 
of the scanning methods developed rely on the physical and thermodynamic 
changes that occur in the properties of DNA due to the presence of a mutation. 
These properties include changes in the electrophoretic mobility and/or changes 
in the duplex stability. Single-strand conformational polymorphism (SSCP) 
analysis has been used to positively detect mutations/polymorphisms in PCR 
products. 17 In this analysis, a PCR product is denatured and separated in a 
single-stranded form by gel electrophoresis using non-denaturing conditions. The 
mobility of a mutant fragment through the gel is shifted from that of the normal 
fragment. 
 Heteroduplex analysis (HDA) is a strategy used to detect DNA variation 
by thermal denaturation and reannealing. Homoduplexes and heteroduplexes of 
mutant and normal alleles with varying electrophoretic mobilities are formed due 
to the bulges or the thermodynamic instability that is caused by the presence of a 
mismatch. 18, 19 Denaturation gradient gel electrophoresis (DGGE) is a class of 
related mutation scanning methods all based on the reduction in electrophoretic 
mobility of DNA in a densely obstructed medium when part of the duplex 
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unwinds. 20 As a result, differences in the mutant and wildtype can be detected. 
DGGE is considered to include constant denaturant gel electrophoresis 
(CDGE) 21, thermal denaturing gradient gel electrophoresis (TDGGE) 22, and 
constant denaturant capillary electrophoresis (CDCE). For all these methods, 
sensitivity to sequence differences is based on the thermal stability of the double 
helix and electrophoretic mobility of the DNA fragment undergoing partial 
denaturation. 
 Most diagnostic techniques use PCR amplification as the first step in the 
assay. The four general mechanisms for allelic discrimination that have been 
developed and applied in most diagnostic assay include allele-specific 
hybridization, allele-specific nucleotide incorporation, allele-specific 
oligonucleotide ligation and allele-specific invasive cleavage. The hybridization 
approach illustrated in Figure 1.2 applies two allele-specific probes that are 
designed to hybridize to the target sequence only when they are perfectly 
matched.  
 
 
Figure 1.2.  Allele-specific hybridization. 
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At optimized conditions, one base mismatch would sufficiently destabilize the 
hybridization preventing the allelic probe from annealing to the target sequence. 
Several fluorescence resonance energy transfer (FRET) based homogenous 
genotyping assays, which apply hybridization techniques, have been 
developed. 23- 25 The 5’ nuclease assay utilizes 5’→3’ exonuclease activity of Taq 
DNA polymerase to monitor real time PCR reactions. 26 A probe designed to 
anneal to a sequence being amplified is labeled with a fluorescent donor and 
acceptor pair at each end to allow FRET. With a perfect match between the 
probe and the target, the 5’-exonuclease activity of Taq DNA polymerase digests 
the annealed TaqMan probe during the elongation cycle separating the two 
fluorescent dyes, thus eliminating or diminishing FRET. Molecular beacon (MB) 
assays have also been used for mutation detection in which allele-specific 
hybridization is applied. 24, 27, 28 The MB probes assume a stem and loop structure 
in solution. In the presence of a perfectly matched sequence, the hairpin loop is 
hybridized to the target, separating the donor from the quencher probes and 
resulting in a change in the fluorescence intensity.  
The primer extension mechanism shown in Figure 1.3 is another approach 
that has been extensively used for allelic discrimination. 29, 30  The mechanism can 
be grouped into two categories: allele-specific nucleotide incorporation, where 
the identity of the polymorphic base in the target DNA is determined and allele-
specific PCR (ASP), where DNA polymerase is used to amplify the target DNA 
only if the PCR primer perfectly matches the target DNA sequence. 31 For 
example, template-directed primer extension (TDI) assay has been applied in 
detecting single base changes in DNA. 32, 33 The assay utilized a linear primer that 
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is tagged with a fluorescent probe at the 5’-end to anneal onto a template 
sequence such that the 3’-end of the primer is immediately adjacent to a 
 
 
Figure 1.3 Showing form of primer extension mechanism (a) Allele-specific 
nucleotide incorporation and (b) Allele-specific primer extension. 
  
polymorphic nucleoside. Acceptor-labeled nucleotide terminator analogs 
corresponding to the mutation of interest are then incorporated using DNA 
polymerase. FRET results only if the analog is added at the 3’-end of the primer, 
indicating a perfect match. This technique is easy to optimize although its 
drawback is that it requires the addition of specific reagent twice after the initial 
reaction, therefore making it very demanding for high throughput applications. On 
the other hand, allele-specific PCR applies DNA polymerase to extend a primer 
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at the 3’-end only if it perfectly matches the target sequence. Therefore, PCR 
products generated via this assay are a result of matched sequences. 
The third approach used for allelic discrimination is the allele-specific 
oligonucleotide ligation. 34, 36 DNA ligase enzyme, which is highly specific in 
repairing nicks in DNA molecules is used to ligate (covalently-link) two adjacent 
oligonucleotides ( see Figure 1.4) that are annealed to a DNA template and are 
perfectly matched at the template junction (nick). This process has been modified 
by the use of DNA ligase in the ligase detection reaction (LDR). 37, 38  
The thermally stable ligase enables a linear amplification through 
thermocycling to increase the amount of product, which increases the sensitivity 
of the assay. LDR products can then be analyzed using electrophoresis and 
identified using detection modalities like fluorescence or conductivity. Although 
ligation is highly specific and easy to optimize, the reaction is slow and requires 
large numbers of modified probes. The method is therefore more applicable 
when coupled with other amplification techniques. However, the ligation 
mechanism has the potential of genotyping without prior target amplification by 
PCR.8,39 
 
 
Figure 1.4. Allele-specific oligonucleotide ligation 
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 Shown in Figure 1.5 is an allele-specific invasive cleavage assay that has 
been used for mutation detection.12  A structure-specific enzyme cleaves a 
complex formed by hybridization of overlapping oligonucleotide probes. Two 
primers, the invader probe and the allele-specific flap probe are designed such 
that the polymorphic site is at the point of overlap. Correct overlapping structures 
are only formed with allele-specific probes (perfectly matched) but not with a 
probe having a single base mis-match. Cleavage occurs when specific 
overlapping structures present free an oligonucleotide referred as a flap.  
 
 
Figure 1.5. Generalized scheme of an allele-specific invasive cleavage assay. In 
this illustration, a primary reporter probe is used to amplify the signal associated 
with a specific mutation using a secondary invader probe (flap). 
 
The cleaved probe (flap) is then used in a secondary reaction where a labeled 
secondary probe is in turn cleaved to generate a detectable FRET signal. The 
major advantages of this approach are the isothermal nature of the reaction and 
potential of genotyping without PCR amplification. This is mainly because the flap 
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generated from cleavage can bind to many targets, generating a cascading 
signal amplification. However, the assay requires high concentrations of genomic 
DNA, extremely high purity primer probes and also requires a very demanding 
probe-designing process. Since no diagnostic technique is ideally suitable for all 
applications, new developments are being made in order to increase the speed 
of the assay, reduce the cost of the assay and perform multiple assays in 
parallel. 
A number of methods exist for analyzing discriminating reactions. One of 
the most commonly used methodologies includes labeling of products with 
fluorescent probes and analyzing their differential physical properties such as 
mass, size, and charge. Capillary and gel electrophoresis are widely used due to 
their ability to analyze many samples simultaneously and also to screen for 
multiple mutations. DNA molecules are separated based upon their sizes, which 
results in an unequal rate of migration under the influence of an externally 
applied electric field. Most of the classical techniques used in mutation scanning 
apply electrophoresis to observe the different electrophoretic migration behavior 
of DNA molecules being analyzed in a sieving matrix such as a linear 
polyacrylamide (LPA).  
Furthermore, fluorescence detection can be applied for mutation analysis 
of labeled products in free solution. Changes in the emission intensity of the 
fluorescent probe can be monitored and associated with the different DNA 
alteration/mutations present in a particular sample. Assays that apply this type of 
approach are shown in Figure 1.6 and they include, molecular beacons, 24 
TaqMan probes,40 TDI,32 and dye-labeled oligonucleotide ligation (DOL).  
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 Figure 1.6. FRET-based assays for detection of single nucleotide polymorphisms 
in solution. Four commonly used assay namely, dye-labeled oligonucleotide 
ligation (DOL), TaqMan,  template-directed dye- terminator (TDI) and Molecular 
beacons are shown. 
 
Basically, oligonucleotides with a DNA backbone and one or several 
chromophore tags are used as FRET probes. In the DOL approach, two primers 
are designed to anneal adjacent to each other on a target sequence (see DOL in 
Figure 1.6). The discriminating (upstream) primer contains a fluorescent probe at 
the 5’-end and a discriminating base at the 3’-end that overlap the polymorphic 
base. The common (downstream) primer contains a 5’OH and fluorescent probe 
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at the 3’-end. When the discriminating primer forms a perfect match with the 
target sequence at the junction, DNA ligase covalently joins the two probes 
resulting in a product twice the size of the individual primes that can be easily 
monitored for detection using CE or microarray techniques. The FRET probes in 
the TaqMan assay are short oligonucleotides, complementary to the target 
sequence in the amplified DNA and are end-labeled with fluorophores, reporter 
dye and quencher/acceptor at both 5’ and 3’ends respectively. Fluorescence for 
the reporter is quenched by the acceptor when the probe is in its intact form. 
During PCR, the reporter dye is cleaved by the 5’ nuclease activity of Taq DNA 
polymerase thus separating the quencher from the reporter and restoring its 
fluorescence. For primer extension assays such as TDI, an oligonucleotide is 
designed to anneal adjacent to the polymorphic site and differentially labeled 
fluorescent dideoxynucleotides (ddNTPs) are used during polymerase extension. 
The fluorescence signal detected corresponds to a perfectly matched nucleotide 
being incorporated into the sequence. The FRET signal for both TaqMan and TDI 
assay can be monitored and detected. Alternatively, molecular beacons (Figure 
1.6) form a stem-loop structure in free solution which brings the reporter probe 
and quencher in close proximity. However, in the presence of a target sequence 
that is complementary to the loop, the stem-loop structure is disrupted resulting 
in a fluorescence signal that can be monitored. Fluorescence detection therefore, 
has been widely applied due to the cost and ease of detection. However it is 
limited by the multiplexing capabilities in solution due to the spectral 
characteristic of fluorescent dyes. Therefore, hybridization assays with high 
multiplexing capabilities have been applied in DNA microarray technology for 
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mutation detection.41,42  Generally, DNA microarrays are developed to distinguish 
single nucleotide differences based on the principle of hybridization and apply a 
set of “tailing” oligonucleotide probes with a known sequence attached to a solid 
support such as glass or polymer. This methodology involves capture and 
processing of PCR amplicons that hybridize to the DNA microarray and are 
detected via fluorescence imaging.  
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CHAPTER 2. PCR AMPLIFICATION AND SEQUENCING OF 
SINGLE COPY   DNA MOLECULES 
 
2.1. Introduction 
 
 Determining the primary structure of genomic DNA using a sequence 
analysis represents one of the most fundamentally important assays performed 
in molecular biology. The information secured can be used to probe gene 
structure and function and also, serve as a diagnostic tool for determining the 
presence of mutations (potentially at the single nucleotide level) and associating 
those mutations with particular phenotypes (diseases).  Indeed, a "working-draft" 
of the human genome has already been completed, covering 90 % of the 
genome. In addition to the Human Genome Project (HGP), a constantly 
increasing number of animal, plant and microbial genome projects will continue 
to seek new advances in high-throughput and cost effective sequencing 
technologies. While several strategies are currently being used to acquire 
primary structure information on genomic DNA, a common strategy adopted by 
many production-scale sequencing centers is an ordered shotgun sequencing 
(OSS) method1 (see Figure 2.1). This method basically involves shearing YAC 
(yeast artificial chromosomes, 15-250 Kbp) clones followed by a sub-cloning step 
into M13 vectors to create sequencing templates and then, random sequencing 
the front and back ends of these sub-clones to build a scaffold (map).  The final 
steps involve complete sequencing of selected M13 clones and filling in map 
gaps using directed reads.  YAC clones are randomly sheared into fragments of 
1-2 Kbp to create unique single DNA molecules in terms of the nucleotide 
composition and then sub-cloned into M13 vectors to provide sufficient copies for 
 23
sequencing.  These clones are then randomly sequenced with ~20% reads from 
both ends using universal and reverse dye-labeled primers.  Assembly of these 
random reads is then used to construct contigs with final gap closure 
accomplished using directed reads.2 
 
 
Figure  2.1. Flow chart diagram depicting the process of ordered shotgun 
sequencing. 
 
As can be seen, several steps are involved in the sequencing process of 
genomic DNA, namely two cloning steps, shearing of the DNA (typically 
hydrodynamically) and sequencing using several different types of chemistries, 
for example forward and reverse dye-primer reads as well as dye-terminator 
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reads for gap closure. Sequencing is basically a single molecule analysis 
process in that M13 clones are prepared from unique single molecules of 
sheared DNA consisting of 1-2 Kbp of nucleotide bases.  It is the process of 
cloning which serves to amplify the single DNA molecules to allow a sufficient 
copy number for subsequent sequence analysis.  The process of cloning involves 
inserting a unique DNA molecule via ligation into a circular carrier vector, in this 
case M13, that has been opened using a restriction enzyme.  The single 
recombinant molecule then enters an E.coli cell as a plasmid (transformation) 
and replicates on an agar bed.  It is this replication process that produces a 
collection of unique templates for subsequent sequence analysis.  Unfortunately, 
the cloning process is fraught with difficulties, including the extended time 
required for replicating the recombinants, the inability to automate this process 
and the low frequency of transformation (typically 1 in 10,000 cells of a bacterial 
population are infected by a plasmid).  As such, it is necessary to consider 
alternative strategies that are more conducive to automation for preparing 
sequencing templates from single, sheared DNA molecules. 
A common method for producing large quantities of genomic DNA, even 
from single copy DNA molecules, is the polymerase chain reaction. 3, 4 In PCR, a 
thermally stable polymerase enzyme is added to a reaction cocktail containing 
the template double-stranded DNA molecule and forward and reverse primers 
(oligonucleotides ~20 bps that are complementary to specific sites on the target 
DNA molecule), which is subsequently subjected to a series of thermal cycles to 
allow thermal denaturing, annealing and primer extension. An attractive feature 
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of PCR is the fact that it is conducive to automation since it involves simple 
thermal cycling of a reaction mixture containing the target DNA molecule.  
2.2. PCR Amplification in Genome Analysis 
 
Polymerase chain reaction (PCR) is a fundamental tool for genome 
analysis due to its simplicity, sensitivity and reliability. This technique has found a 
wide application in clinical diagnostics as a tool for detecting specific disease. 
The technique has been used to examine nucleotide sequence variations, direct 
sequencing of mitochondrial 5 and genomic DNA 6, and in cloning of genomic 
sequences. 7 Basically, PCR  involves two oligonucleotide primers that flank the 
DNA segment to be amplified and a cyclic process that encompasses three 
distinctive steps namely, denaturing of the DNA template, annealing of the 
primers to their complementary sequence and 5’→3’ extension of the annealed 
primers with DNA polymerase (see Figure 2.1). The two primers are annealed at 
a site opposite each other such that DNA synthesis by polymerase proceeds 
across the flanked region, effectively doubling the amount of DNA segment. 
However, since the extended products have sites that the primer can bind, each 
successive cycle double the amount of DNA template synthesized in the 
preceding cycle. This results in as an exponential amplification of the target 
sequence. The accrual of the PCR product during the amplification can be 
determined using Equation 2.1.  
( ) ( )1.22nnn ENC =  
in which, n is the number of PCR cycles, E is the efficiency of the amplification, N 
is the initial copy number of the template and Cn is the copy number of the 
product formed after n cycles. In order for one to accurately determine the 
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starting copy number in a quantitative PCR assay, E must be known and be 
constant from reaction to reaction.  
 
 
Figure 2.2. Diagram illustrating the principle of polymerase chain reaction. 
 
 According to Equation 2.1, PCR reactions result in an exponential 
increase in copy numbers as illustrated in Figure 2.2. For example, if we assume 
that E is unity and N =1, then after 20 cycles one can expect to produce 1x 106 
copies and after 30 cycles, the copy number becomes 1.1 X 109. Unfortunately, 
the efficiency of the reaction E, falls gradually from unity at higher cycle numbers 8 
and the copy number enters a “plateau” phase where, Cn approaches a 
maximum value. 
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 PCR has been rendered the gold standard in genetic analysis and 
quantization primarily due to its extraordinary sensitivity resulting from the 
exponential amplification of the target sequence. However, exponential 
amplification also causes the possibility of amplicon cross contamination which in 
turn makes both quantitative and qualitative analysis difficult. The efficiency of 
PCR is also sensitive to variations in the reaction conditions. Therefore, small 
changes in E can yield large changes in the final copy numbers due to the 
exponential nature of the reaction. Knowing this, PCR conditions need to be 
evaluated critically to provide a simple, yet efficient reaction that can generate 
sufficient quantities of amplicon for subsequent analysis. Even with this limitation, 
PCR can be considered a potential alternative to M13 cloning for providing 
sufficient template for sequencing.  
2.3. Classification of DNA Polymerase 
 
DNA polymerase can be classified into four groups based on the 
similarities in the amino acid sequence. 9 Each member within the group has 
characteristic properties that are adapted for specific applications. For example 
E.coli DNA polymerase I has both the 5’→3’ and the 3’→5’ activity and is 
involved in repair and recombination. In our experiments AmpliTaq polymerase 
having 5’→3’ exonuclease activity and platinum Pfx DNA polymerase having a 
3’→5’ exonuclease activity were used. In choosing a thermostable DNA 
polymerase for PCR, one primary concern is the fidelity of the enzyme, since 
error rate varies from enzyme to enzyme, and greater fidelity is required in 
studies that involve templates with low copy numbers.   
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2.4. PCR Amplification Methods 
 
In regular (conventional) PCR, all reagents (dNTP, enzyme, primers and 
Mg2+)  are present and extension begins during the ramp from room temperature 
to the denaturing temperature of 94 0C. In hot-start PCR, the PCR mixture is 
heated to a temperature greater than the annealing temperature of the 
oligonucleotide, then polymerization is initiated by a polymerase enzyme when 
the withheld reagent is mixed with the reaction mixture. 10, 11 The approach inhibits 
polymerization of new DNA during the initial phase of the reaction where there 
are high chances of non-specific binding between the primer and the template in 
the reaction mixture. This causes mis-priming. 
 A hot-start reaction can be achieved by withholding either dNTP, Mg2+, 
enzyme or by separating the reaction components with a wax barrier that melts 
at 94 0C to allow mixing of the separated component in the reaction mixture. 
Recent advances have been made where enzyme activity can be inhibited using 
an antibody that binds to the polymerase, which is released and denatured at 
high temperatures, providing automatic hot-start that increases specificity, 
sensitivity and yield and also allowing room temperature reaction assembly. Such 
enzymes include, AmpliTaq Gold and Platimum Pfx DNA polymerase.  
 Other commonly used modifications that have been applied to improve 
specificity and sensitivity include, nested PCR, 4 where one or two new primers 
are used to select a second primary site and amplified. A major drawback with 
this method is cross contamination. Touch-down PCR is a modification of hot-
start PCR in which fewer amplifications cycles are carried out at relatively high 
stringency and subsequent cycles are performed progressively at lower 
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stringencies. 12  With the booster PCR method, 13  the concentrations of the 
primers are minimized in the initial cycles of the thermal cycling and are 
increased to the normal concentration during the second phase of the thermal 
cycle. This approach reduces mispriming that may occur in a normal PCR 
reaction. The efficiency of a PCR process to generate adequate amounts of 
template for subsequent analysis can be evaluated using DNA sequencing 
technique. 14 
2.5. DNA Sequencing Using Chain Terminating Inhibitor (Sanger 
Dideoxy Method) 
 
In this approach, DNA fragments whose lengths depend on the last base 
in the template are generated through a controlled interruption of the enzymatic 
replication. Fredrick Sanger first developed this method in the early 1970’s. 15 The 
method incorporates a reaction mixture containing DNA polymerase, labeled 
primer, four deoxynucleotides (dATP, dCTP, dGTP and dTTP), and one of the 
four corresponding 2’3’-dideoxynucleotide analogs (ddATP, ddCTP, ddGTP and 
ddTTP). During the sequencing reaction, the labeled primer is attached to the 
ssDNA template as shown in Figure 2.3, followed by the incorporation of the four 
deoxynucleotides or one of the corresponding ddNTP analogs by the DNA 
polymerase into the elongating chain.  
The incorporation of ddNTP analogs blocks any further growth to the chain 
since it lacks the 3’-hydroxyl terminus that is required to form the next 
phosphodiester bond. The occasional incorporation of the dideoxynucleotide 
analogs leads to termination of a particular chain reaction. This random process 
eventually leads to fragments of different sizes. The four sets of mixtures 
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containing the chain-terminated fragments are analyzed by gel electrophoresis 
and optically detected by fluorescence (fluorescently labeled primer) or 
autoradiography (radio actively labeled ddNTP) to obtain information on the 
position of the base (A, C, G, T) in the DNA sequence. 
 
 
 
Figure 2.3. Principles of dideoxynucleotide chain-termination (Sanger dideoxy 
method) procedure.  DNA primer is attached to the template and deoxynucleotide 
triphosphates (dNTPs) are sequentially added to the primer stand by DNA 
polymerase.  The presence of competing dideoxynucleotide analog (ddNTPs) 
result in the random incorporation the nucleotide hence stopping the elongation. 
The mixture of labeled chain-terminated products are separated by gel 
electrophoresis and fragment revealed by fluorescence detection. 
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2.6. Current Research in Single Copy Amplification of DNA  
Molecules 
 
Several groups have reported the ability to PCR amplify single copy DNA 
molecules.  For example, Zhang et al. demonstrated the ability to amplify DNA 
sequences present in a single haploid cell by repeated primer extension using a 
mixture of 15-base random oligonucleotides. 16 The authors cited the importance 
of single cell amplification in disease diagnosis and forensics.  Rigler and 
coworkers used fluorescence correlation spectroscopy (FCS) to monitor the 
progress of a PCR reaction through the use of a tetramethylrhodamine-labeled 4-
dUTP analog. 17 When the dUTP was exchanged with incorporated dTTP during 
DNA polymerization, the size of the PCR product could be deduced from the 
correlation function.  Morrison, Weis and Wittwer reported real-time monitoring of 
single template amplifications using SYBR Green I staining. 18 Quantification at 
the single template level was limited by stochastic effects. Lagalley and 
coworkers have successfully developed a microfluidic device for PCR 
amplification. They demonstrated stochastic amplification of single DNA 
templates using an integrated glass microdevice. Distinct clusters of zero, one, 
two, and three molecule amplification were observed. 19 In another application, 
Ohuchi and coworkers were able to demonstrate high efficiency single copy PCR 
amplification with minimal side-product production using a nested, two-step PCR 
reaction to generate sufficient copies of the amplicon for downstream 
transcription/translation to prepare libraries of proteins. 20  The primers used for 
the second step of the PCR were designed to have a higher melting temperature 
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than the first primer set to avoid re-annealing of the first step primers during the 
second round of PCR. 
It is clear that while single-copy PCR can offer some attractive benefits in 
both genomic sequencing and diagnostics, special attention to various PCR 
conditions need to be addressed to provide a simple, yet efficient reaction to 
generate sufficient quantities of amplicons for subsequent analysis of the PCR 
product.  Critical parameters include choice of the polymerase enzyme to 
maximize PCR product yield (highly stable enzyme) and minimize false 
incorporations (high fidelity) and also, reduce the formation of primer-dimers or 
mis-priming, which can produce erroneous products. 21- 23 In this chapter, I will 
present results on optimizing the performance of single copy PCR reactions by 
evaluating different polymerase enzymes and also, investigating the use of hot-
start conditions.  The efficiency of the PCR reaction, in terms of the number of 
copies generated and the minimization of false products, was evaluated by 
performing a capillary gel electrophoresis analysis of single copy PCR reactions.  
In addition, we will report on the direct sequence analysis of PCR products 
generated from single copy DNA molecules.   
2.7. Experimental Section 
 
2.7.1 Polymerase Chain Reactions 
 
A Perkin-Elmer Cletus 2400 block thermal cycler was used for the PCR 
amplification of all samples (Foster City, CA, USA). The PCR samples were 
prepared using a Gene Amp PCR reagent kit with AmpliTaq® DNA polymerase 
(N801-0055, Perkin Elmer, Foster City, CA, USA) containing the appropriate 
amounts of λ-DNA control primers and specific copy numbers of the λ-DNA 
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template (48 Kbp in length) molecules to amplify a target DNA sequence of 500 
bp in length, which was defined by the base composition of the forward and 
reverse primers used for PCR. In addition, a Platinum Pfx DNA Polymerase kit 
(Life Technologies, Gaithersburg, MD, USA) containing Platinum Pfx 
polymerase, Pfx buffer, MgSO3 and an enhancer solution were used for PCR 
amplification as well.  
For the set of experiments using AmpliTaq polymerase, a 50 µL solution of 
the reaction mixture contained 1X PCR buffer, 200 µM of each dNTP, 0.3 µM of 
the forward and reverse PCR primers, and 1.25 units of AmpliTaq DNA 
polymerase. The Pfx PCR reaction mixture contained 1X Pfx buffer, 300 µM each 
of the dNTPs, 1mM MgSO3, 0.3 µM of the forward and reverse PCR primers and 
1.25 units of Pfx DNA polymerase. Forty PCR cycles were used in all cases, with 
the temperature program consisting of; 94 0C for 15 s for denaturation; 55 0C for 
30 s for primer annealing and; 68 0C for 30 s for primer extension.  An initial 
template-melting step was performed at 94 0C for 2 min before cycling. The 
samples were held for 7 min at 68 0C on the final PCR cycle to complete the 
extension before being cooled to 4 0C. 
The template concentration was adjusted by serial dilution of a stock 
solution of λ-DNA contained in doubly-distilled H2O.  The concentration of the 
DNA stock solution (in DNA copies per mL) was assessed by measuring the 
optical density of the solution at 260 nm, which gives the nucleotide base 
concentration and dividing by the number of nucleotide bases comprising a 
single λ-DNA molecule (48,502 bases). 
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2.7.2. Capillary Electrophoresis 
  
Capillary electrophoresis (CE) was performed in a 40 mM Tris-acetate, 2 
mM EDTA (1X TAE) buffer containing 1.0 µM of the intercalating dye, TOPRO-5 
(Molecular Probes, Eugene, OR, USA). Hydroxyethyl cellulose (HEC, MW 
250,000, Aldrich Chemical, Milwaukee, WI, USA) was used as the DNA sieving 
matrix and was prepared in 1X TAE buffer at a concentration of 0.75% w/v. The 
HEC solution was degassed and then pressure injected into the capillary using 
nitrogen gas. The capillary tube used for the separation was coated with a 
polymer to suppress the electroosmotic flow and was obtained from Supelco   
 
  
Figure 2.4. Schematic of NIR-LIF system for capillary gel electrophoresis 
 
(CElect–N, Bellefonte, PA, USA). The capillaries were typically 75 µm in internal 
diameter and 50 cm in total length with an effective length (injection to detection) 
of 35 cm.  The samples were electrokinetically injected at the cathodic terminal 
(negative potential) directly from the PCR sample tube containing 20 µL aliquots 
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of the PCR product. Following injection, the sample tube was replaced with the 
run buffer vial during electrophoresis. 
Fluorescence detection was performed using a laser-induced system with 
near infrared laser-induced fluorescence (NIR-LIF) detection using a system 
developed by our group as shown in Figure 2.4. Briefly, the system consisted of 
a 4 mW, 750 nm cw diode laser (Melles Griot, Boulder, CA, USA) with a model 
06DLD201 current driver (Melles Griot).  The laser head was actively cooled with 
a Peltier cooler and a model 06DTC101 controller (Melles Griot).  The laser light 
was passed through a line filter (750 nm, Omega Optical, Brattleboro, VT, USA), 
directed onto a focusing objective using a dichroic filter (770DRLP, Omega 
Optical) and then focused by an objective (40X) into the capillary. The 
fluorescence emission was then collected through the same objective, 
transmitted through the dichroic and spectrally isolated from the excitation 
photons using an interference filter with a center wavelength of 780 nm and a 
half band width of 20 nm (Omega Optical). The filtered radiation was then 
focused onto the detector using a 20X microscope objective. The transducer in 
these experiments consisted of a single photon avalanche diode (SPAD) (SPCM-
RQ 141, EG&G Optoelectronics, Vandreuil, Canada) and the data was collected 
on a computer equipped with a 16-bit counter/timer board (AT-MIO-64E-3, 
National Instruments, Austin, TX, USA). 
2.7.3. DNA Sequencing 
  
A Li-COR 4000 automated DNA sequencer (Lincoln, NE, USA) was used 
to perform sequencing of the PCR samples. This system was coupled to an IBM 
computer with an OS/2 operating system, which performed image analysis and 
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base calling. A 10% sieving gel prepared using a Long Ranger gel solution 
(BioWhitaker, Rockland, ME, USA) containing 1X TBE and 7 M urea as the 
denaturant was used for fractionation of the DNA sequencing fragments. The 
electrophoresis was typically run at -1600 V for approximately 12 – 24 hrs. 
DNA sequencing reactions were carried out using a Thermo Sequenase 
cycle sequencing kit with 7-deaza d-GTP and fluorescently labeled primers 
(Amersham Pharmacia Biotech, Piscataway, NJ, USA.). Prior to running the 
sequencing reactions, the PCR samples were purified using a spin column 
consisting of a polyether sulfone membrane and a molecular weight cutoff of 
50,000 (Naglene, Rochester, NY, USA).  The sequencing primer was a custom 
made primer with a sequence of 5’CCATTGTTTCTCTGGAGGAGTCCAT 3’ and 
was covalently labeled with the near-IR dye, IRD-800 (Li-COR) at its 5’-end. 
Thermal cycle sequencing reactions were performed in a Genetech themocycler 
(Princeton, NJ, USA). Thermocycling conditions consisted of an initial 
denaturation at 94 0C for 4 min, followed by 35 cycles of 94 0C for 30 s; 65 0C for 
30 s and; 72 0C for 60 s. Final extension was carried out at 72 0C for 7 min before 
cooling to 4 0C for a final hold. After thermal cycling, a cold ethanol precipitation 
using 3 M NaOAc and spinning at 10,000 rpm at 4 oC was performed. Following 
this, the solution was decanted and the pelleted DNA was dried using a vapor 
aspirator before adding 6 µL of a formamide solution containing a loading dye 
and finally loaded onto the automated DNA sequencer.  Since a single labeling 
dye was used, four lanes were loaded with a terminal base A, C, G and T. Each 
base was electrophoresed and the bases called by the LI-COR software. 
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2.8. Results and Discussion 
 
For single copy PCR amplification, several parameters associated with the 
PCR reaction require optimization to enhance the number and quality of 
amplicons generated for down-stream processing, in this case, direct DNA 
sequencing of PCR products.  For example, the identity of the polymerase 
enzyme can have a profound impact on the number of amplicons generated by 
showing reasonable catalytic activity for the latter PCR cycles (i.e. high 
temperature stability) and also a high fidelity (i.e. low number of mis-
incorporations). Also, the order and timing of reagent addition during PCR 
amplification can affect the amount of erroneous components produced during 
amplification, especially for single copy PCRs.  For example, hot-start PCR, in 
which one reagent, typically the polymerase enzyme, is withheld from the 
reaction mixture until a certain temperature is reached, will minimize extension of 
primer-pairs annealed to non-target nucleic acid sequences and extension of two 
primers across one another’s sequence without significant intervening sequence 
(primer dimerization, primer-dimers).  21,22 In addition, the formation of primer-
dimers can be minimized by adjusting the primer concentration in the PCR 
cocktail when amplifying single copies. 
My initial experiments were directed toward optimizing conditions of the 
enzyme and primer concentration for low copy number amplification, specifically 
for template copy numbers ranging from 1-10, by visually inspecting the capillary 
electropherogram (CE) traces for PCR products generated as well as the amount 
of primer-dimers generated, both of which could readily be resolved using our 
capillary electrophoresis conditions. From the CE traces, the optimal primer  
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Figure 2.5. (i) Electropherograms of 100 initial copies of DNA templates 
amplified using hot-start PCR. The PCR was carried out using two different 
polymerase enzymes, (a) AmpliTaq and (b) Platinum Pfx polymerases. (ii) CE 
separation of 10 µg/mL φX174 DNA Hae III ladder intercalated with 0.75 µM 
TOPRO 5 dye. The migration times recorded for each fragment was used for 
sizing the PCR products. The CE was run using HEC (0.75%) as the sieving 
matrix with a field strength of 250 V/cm on a 75 µm (id) capillary with an effective 
length of 35 cm. 
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concentration for low copy amplification was found to be 0.3 µM. Increasing the 
primer concentration above 0.3 µM resulted in a significant decrease in the 
amount of PCR product generated at the expense of formation of primer-dimers. 
Reducing the concentration of the primers below 0.3 µM served only to reduce 
the quantity of the target PCR product generated. Therefore, the quantity of 
target formed will increase with increases in the primer concentration until a 
certain level and remain constant with increased levels of formation of primer-
dimers. 24  I then investigated two different PCR polymerase enzymes for 
amplification of low-copy number templates, the results of which are shown in 
Figures 2.5. In these experiments, a hot-start amplified PCR product from 100 
copies of template with AmpliTaq Figure 2.5(i)(A) and Pfx DNA polymerases 
Figure 2.5(i)(B) were investigated.  The migration time of the amplicon was 
compared to a standard DNA sizing, φX174 DNA Hae III ladder (Life- 
technologies, Madison, WI, USA), the CE trace of which is shown in Figure 
2.5(ii). Pfx is a variant of AmpliTaq that contains 3’→5’ exonuclease activity, 
which reduces mis-incorporations by a factor of 12 compared to AmpliTaq 
polymerase. 25, 26 In addition, Pfx does not possess terminal transferase activity, 
which is seen in AmpliTaq and results in the incorporation of a 3’ adenosine 
overhang. 27  It was found that Pfx polymerase gave a greater yield of amplicons 
as judged by the area under the electrophoretic peak compared to AmpliTaq 
polymerase. In addition, fewer erroneous peaks were observed in the 
electropherogram for Pfx compared to AmpliTaq polymerase.  
I also evaluated the performance of Pfx with hot-start versus no hot-start 
conditions. Consistent with previously published reports, 14 a CE analysis of the 
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amplification of 10 copies of a 500 bp region of λ-DNA using hot-start conditions 
improved PCR performance as compared to non-hot-start conditions, both in 
terms of the number of amplicons generated as well as the reduction in the 
numbers of false PCR products and primer-dimers. A five fold increase in the 
PCR product yield (peak at 542 sec in Figure 2.6) was obtained using hot-start 
PCR compared to non hot-start PCR. Figure 2.7 shows the PCR hot-start  
 
 
Figure 2.6. Electropherograms of 10 copies of initial DNA template amplified 
using non hot-start and hot-start PCR conditions with Pfx polymerase. The CE 
was run using HEC (0.75%) as the sieving matrix with a field strength of 200 
V/cm on a 75 µm id capillary with an effective length of 35 cm.  
 
amplification of a single copy (A) λ-DNA target and blank (B) using Pfx 
polymerase.  As can be seen in the blank, a series of peaks are generated which 
migrate from the CE column between 250-300 s, while in the single copy 
amplification, an additional peak (circled) is observed at 355 s, which has been 
ascribed to the amplified target due to its similar migration time compared to a 
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603 bp fragment of a standard DNA sizing ladder, (φX174 DNA Hae III).  
Similarities in the electrophoretic pattern generated for the blank and the single 
copy trace indicate that the erroneous peaks result either from primer-dimers or 
other components that are present most likely in the PCR reaction kit and not 
exclusively in the λ-DNA sample.  
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Figure 2.7. Electropherograms of a PCR amplified single copy DNA molecule 
using hot-start PCR conditions with Pfx polymerase. (A) a single copy λ-DNA 
molecule and (B) no DNA template in the PCR reaction cocktail (blank). Single 
copy λ-DNA molecule were obtained by serially diluting a stock solution to a 
concentration of 1X 10 -5 ng/mL. The CE was run using HEC (0.75%) as the 
sieving matrix with a field strength of 250 V/cm on a 75 µm id capillary with an 
effective length of 35 cm. 
  
In order to assess the quantitative performance of single copy PCR, 
amplifications were performed using a dilution series of the λ-DNA template 
ranging from 100 copies to a single copy using the optimized PCR methodology 
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outlined above. Five replicate samples of each dilution were assayed using 
capillary electrophoresis with the integrated electrophoretic peak area plotted 
versus copy number from which a standard calibration plot was constructed.  
This calibration plot is shown in Figure 2.8.  As can be seen, the plot was linear 
over the copy number range investigated. To determine the relative certainty that 
the results depicted in Figure 2.7 were produced from a single copy amplification, 
a histogram was constructed from a series of PCR amplifications (12) of diluted 
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Figure 2.8.   A calibration plot showing the number of initial DNA template 
molecules verses the electrophoretic peak area for the template number ranging 
from 1 – 100 copies amplified using hot-start PCR with Pfx polymerase. The inset 
shows an expanded view for the low copy template regime of the calibration plot. 
Peak areas were determined from electropherograms of the PCR amplifications 
by integrating the area under the PCR product peak.  
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templates to a statistically expected level of one copy.  As one reduces the initial 
number of copies to one, stoichastic effects should be observed, in which some 
PCR amplifications result in the presence of no amplicons, while others produce 
amplicons originating from multiple copies. From the histogram, a Poisson 
distribution can be used to establish the most probable number of initial 
templates in the reaction mixture. The resulting histogram is shown in Figure 2.9.  
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Figure 2.9.  A histogram of twelve PCR amplifications of diluted templates to a 
statistically expected level of one copy. A Poisson distribution of the 12 samples 
with the most probable number of initial templates in the reaction mixture shown 
for each bar. Peak areas were determined from electropherograms of the twelve 
PCR amplifications by integrating the area of the PCR product peak (circled 
region in Figure 2.7).    
 
It can be noted that some tubes had no templates (absence of electrophoretic 
peak with a migration time of 355 s). The resulting histogram was fit to a Poisson 
distribution from which the mean (µ) and standard deviation could be determined. 
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The mean of this distribution was determined to be ~117,000 (± 48,000) counts 
as determined from the integrated number of photon counts per PCR band in the 
CE trace. From the calibration plot in Figure 2.8 and the Poisson distribution fit to 
the experimental data (Figure 2.9), the mean area obtained from normalization of 
the PCR samples correlated to ~ 1 copy of initial template per reaction tube. 
From these results, I conclude that the probability was 90% that µ, the population 
mean of initial template per reaction, lies between 0.5 and 1.4 copies. 
In order to determine the efficiency of the PCR process to generate 
sufficient high quality templates for a sequence analysis following amplification of 
a single DNA copy, sequencing studies were carried out on the amplified PCR 
samples using hot-start PCR conditions with Pfx and also, non-hot-start and hot- 
start PCR using AmpliTaq polymerase. From this analysis, the read accuracy 
and read length of two amplifications were investigated, one for a single copy 
and another for 100 starting copies. Figure 2.10 shows the sequencing results of 
a PCR product generated from 100 copies (A) and a single copy (B) DNA 
template amplified by Pfx polymerase, respectively. 
The results of these studies are summarized in Table 2.1. In both cases 
for hot-start Pfx amplification, the PCR samples gave a read length of over 410 
bps. This was a result of the fact that the AmpliTaq PCR amplification produced 
an inadequate amount of templates for the subsequent sequence analysis.  As 
can be seen from the data of Table 2.1, high read accuracies were observed for 
the Pfx amplified product, with a read accuracy of 99.8% and 99.3% for the 100 
and 1 copy initial templates, respectively. The 100 copies initial template sample 
amplified by AmpliTaq also give a high read accuracy (99.3%), but due to a large  
 45
 
(A) 
 
(B) 
Figure 2.10. Sequencing data obtained for an initial copy number of 100 (A) and 
1 (B) DNA molecules.  The λ-DNA was PCR amplified using Pfx polymerase and 
hot-start conditions.  Following PCR amplification, the amplicons were purified 
using a spin column and then subjected to standard Sanger dideoxy chain 
terminator sequencing with a single dye-labeled primer.  The electrophoresis was 
performed on a Li-COR automated slab gel electrophoresis instrument using a 
single-dye/four lane format.  Bases were called using the manufacturer’s base 
calling algorithm. 
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Table 2.1. Summary of sequencing results (read length, read accuracy, source of errors) obtained from the amplification 
of a 500 bp segment of λ-DNA for a starting copy number of 100 or 1.  The sequencing was accomplished on a Li-COR 
4000 automated DNA sequencer using single dye/four lane strategy with dye-primer chemistry.  The read accuracy and 
sources of error in base calling were determined by comparing the called bases to the known sequence of the λ-DNA 
template. 
 
PCR Conditions Initial Copies 
Read 
Length 
Read 
Accuracy Insertions   Deletions Mis-calls
Pfx 
Hot-Start 100      414 99.8% 0 1 0
AmpliTaq 
Hot-Start 100      407 99.3% 2 1 0
Pfx 
Hot-Start 1      424 99.3% 0 1 2
AmpliTaq 
Hot-Start 1      407 98.0% 1 2 5
AmpliTaq 
Non-Hot-Start 1      387 < 50% - - -
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number of miscalls, deletion and insertions, there was a drop in the read 
accuracy to 98% for the single copy initial template samples amplified by hot-
start PCR with AmpliTaq polymerase (Figure 2.11). It was observed that a 
significant source of error was due to miscalls for AmpliTaq PCR amplification of 
single copy templates. Non-hot-start PCR with AmpliTaq polymerase showed a 
large extent of both primer-dimer and non-specific priming resulting in 
amplification of non-target DNA segments, complicating the PCR mix and 
lowering the number of amplicons generated for subsequent sequence analysis. 
The result in the sequencing (Figure 2.11A) was a short read with very poor 
calling accuracy (< 50%).  
2.9. Conclusions 
 
Single copy DNA molecules can be successfully amplified via the PCR reaction 
to produce sufficient quality and quantities of templates for subsequent sequence 
analysis.  Special attention must be focused on the PCR conditions for single 
copy amplifications, such as the primer concentration, implementing hot-start 
PCR, the polymerase enzyme and the cycle number. These studies indicate that 
hot-start PCR minimizes primer-dimer formation and mis-priming reducing the 
number of co-amplified interfering components and that Pfx enzyme systems not 
only provide a larger quantity of amplicons compared to AmpliTaq, but also 
possess 3’→5’ exonuclease activity, improving the fidelity during DNA 
polymerization.  Since the PCR reaction is conducive to automation and much 
easier to implement compared to cloning, it may be considered a viable 
alternative to M13 subcloning for producing sequencing templates in high 
throughput ordered shotgun-sequencing projects.  
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(A) 
 
(B) 
Figure 2.11. Sequencing data obtained for one copy initial λ-DNA template using 
amplitaq polymerase via (A) conventional amplification (B) hot-start PCR 
amplification. Following PCR amplification, the amplicons were purified using a 
spin column and then subjected to standard Sanger dideoxy chain terminator 
sequencing with a single dye-labeled primer. The electrophoresis was performed 
on a Li-COR automated slab gel electrophoresis instrument using a single-
dye/four lane format.  Bases were called using the manufacturer’s base calling 
algorithm. 
 49
2.10. References 
1. Chen, E.Y.; Schlessinger, D.; and Kere, J.  Genomics, 1993, 17, 651-
656. 
2. Muzny, D.M.; Metzker, M.L.; Bouck, J.; Gorrell, J.H.; Ding, Y., Maxim, 
E.; Gibbs, R.A. IEEE Eng. Med. Biol. Nov/Dec, 1998, 88. 
3. Li, H.; Cui, X.; Anaheim, N. Proc. Natl. Acad. Sci. 1990, 87, 4580-4584. 
4. Mullis, K.B.; Faloona, F.A. Methods Enzym. 1987, 155, 335. 
5. Wrischnik, L.A.; Higuchi, R.G.; Stoneking, M.; Erlich, H.A.; Arnheim, 
N.; Wilson, A.C. Nucleic Acids Res. 1987, 15, 529-542. 
6. McMahon, G.; Davis, E.; Wagon, G.N. Proc. Natl. Acad. Sci. 1987, 84, 
4974- 4978. 
7. Scarf, S.J.; Horn, G.T.; Erlich, H.A. Science, 1986, 233, 1076-1078.   
8. Wittwer, C.T.; Herrmann, M.G.; Moss, A.A; Rasmussen, R.P. 
BioTechniques, 1997, 22, 130-138. 
9. Weiguo, Z.; Ho, J. Nucleic Acid Res. 1994, 22, 5177-5183.   
10. Kaijalainene, S.; Karhunana, P.J.; Lalu, K.; Lindstrom, K. Nucleic Acids 
Res. 1993, 21, 2959-2960. 
11. Bassam, B.J.; Caetano-Anolles, G. BioTechniques, 1993, 14, 30-34.  
12. Roux, K.H. BioTechniques, 1994, 16, 812-814. 
13. Ruano, G.; Fenton, W.; Kidd, K.K.; Nucleic Acids Res. 1989, 17, 5407. 
14. Rohan , R.M.; King, D.; Frels, W.I. Nucleic Acids Res. 1990, 18, 6089-
6095 
15. Sanger, F.; Nicklen, S.; Coulson, A.R. Proc. Natl. Acad. Sci. 1977,  74, 
5463-5467. 
16. Zhang, L.; Cui, X.; Schmitt, K.; Hubert, R.; Navidi, W. Proc. Natl. Acad. 
Sci. 1992, 89, 5847-5851. 
17. Rigler, R.; Papp, Z.F.; Meyer-Almes, F.J.; Sammet, C.; Volcker, M.; 
Schnetz, A. J. Biotechnol. 1998, 63, 97-109. 
18. Morrison, T.B.; Weis, J.J.; Wittwer, C.T. BioTechniques, 1998, 24, 954-
958. 
 50
 51
19. Lagally, E.T.; Medintz, I.; Mathies, R.A. Anal. Chem. 2001, 73, 565-
570. 
20. Ohuchi, S.; Nakano, H.; Yamane, T.  Nucleic Acids Res. 1998, 26, 
4339-4346. 
21. Chou, Q.; Russell, M.; Birch, D.E.; Raymond, J.; Bloch, W.  Nucleic 
Acids Res. 1992, 20, 1717-1723. 
22. Handyside, A.H.; Kontogianni E.; Hardy K.; Winston R.M.L. Nature, 
1990, 344, 768-770. 
23. Kim H.S.; Smithes O. Nucleic Acids Res. 1988, 16, 8887-8903. 
24. Westfall, B.; Sitaraman, K.; Solus, J.; Hughes, J.; Rashtchian, A. 
Focus, 1997, 19, 46. 
25. Picard, V.; Ersdal-Badju, E.; Lu, A.; Bock, S.C. Nucleic Acids Res. 
1994, 22, 2587-2591. 
26. Higuchi, R.; Fockler, C.; Dollinger, G.; Watson, R. Biotechnology, 
1993, 11, 1026-1030. 
27. Taylor, G.R.; Logan, W.P. Curr. Opin. Biotechnol. 1995, 6, 24. 
 
CHAPTER 3. SINGLE MOLECULE DETECTION OF DOUBLE-
STRANDED DNA IN POLY(METHYLMETHACRYLATE) AND 
POLYCARBONATE MICROFLUIDIC DEVICES 
3.1. Overview of Single Molecule Detection 
Significant advances in manipulation and characterization of individual 
molecules have been shown in the past years since the first successful detection 
of single fluorescent molecules in liquids at room temperature by Hirschfield in 
1976. 1 Single molecules have been detected in condensed matter using a 
number of means. Moerner and Orrit demonstrated single molecule detection 
(SMD) and spectroscopy in isolating individual carbocynanine molecules in low 
temperature crystalline hosts. 2, 3  The molecules were fixed on thin polymer films 
and studied at room temperature using near-field optical microscopy. 4, 5 Single 
molecule detection in liquids has rapidly grown as shown in a review by Keller  
and Barnes. 6,  7  
Detection of single rhodamine and phycoerythrine molecules have been 
achieved in a hydrodynamic flow cell 8 and in leviated microdroplets. 9  Eigen and 
Rigler applied fluorescence correlation spectroscopy coupled with confocal 
microscopy to manipulate and detect individual rhodamine 6G molecules in 
water. 10 In recent years, we have seen more and more applications of SMD as a 
tool for analysis of biological molecules in solution. In this chapter i am going to 
look in detail at detecting single molecules in solution and its application to 
biological analysis. 
 
 
 52
3.2. Basic Principles of SMD 
 
Generally, single molecule detection requires a probability of occupancy 
for single molecules in a detection volume to be significantly smaller than unity so 
as to minimize multiple occupancies. This can be achieved by diluting the sample 
or reducing the detection volume. Signals resulting from molecules of interest 
can be distinguished from the environment in which they are being sampled 
using optical detection that applies both frequency–modulated absorption and 
laser-induced fluorescence. But since low background and a high signal to noise 
ratio are required in SMD measurements, laser-induced fluorescence (LIF) has 
become the most widely used technique. 
Fluorescence detection has proven to be the best method of choice for 
SMD measurements since many chromophore systems used in fluorescence 
detection have a large absorption cross section and high fluorescence quantum 
yields (Φ f). The large absorption cross-section is advantageous because the rate 
of absorption (ka) is given by;  11 
( )1.3108.3 21 Ι=Ι= − εσ Xk aa  
where is the absorption cross section (cmaσ 2/molecule) and Ι is the intensity of 
light (photon cm-2 s-1) and ε is the molar extinction coefficient ( cm-1 M-1). At  
optimized SMD conditions, ka is approximately equal to 1/τf , where  τf is the 
florescence lifetime. From Equation 3.1, it can be observed that higher  will 
yield an optical saturation (ground state depletion) at low intensity, giving 
improved detection efficiency since lower laser intensity reduces the background 
due to scattered light.  
aσ
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Several factors limit both sensitivity and detection efficiency (the number 
of molecule in the sample that can actually be detected) in fluorescence 
detection of single molecules. As shown in Figure 3.1, fluorescence emission 
occurs in a four step cycle: 
1. Electronic transition from ground state (So) to a higher vibrational 
level either the first excited singlet state (S1)or the second excited 
singlet state (S2), at a rate that is a linear function of the laser 
power. However this phenomenon is only true to a certain level 
but deviates at high laser intensities. 
2. Vibration relaxation in the excited electronic state occurs when 
excited molecules in the higher vibrational energy level of S1 or 
S2 are de-excited back to the lowest vibrational level of the S1. 
This process is called internal conversion (IC) and generally 
occurs in picoseconds or less.  
3. Radiative or non radiative decay from the S1 or the first triplet 
state (T1) to the ground state. Generally, fluorescence emission 
result from the lowest-energy vibrational state S1. On the other 
hand molecules in the S1 state can undergo a spin conversion to 
T1. Emission from T1 is referred to as phosphorescence and is 
normally shifted to longer wavelengths relative to fluorescence. 
The conversion of S1 to T1 is termed as intersystem crossing 
(ISC).  
4. Internal relaxation in the vibrational energy levels of the ground-
state. 
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Once the molecule has returned to electronic ground state, it can then go 
through another absorption-emission cycle, giving millions of photons, typically 
105-106 photons before photo-bleaching occurs. 12, 13 Although not indicated in the 
Figure 3.0, other processes can influence fluorescence emission. These include 
solvent effects, solvents relaxation, quenching and a number of excited state 
reactions such as photochemical destruction. 
 
 
 
Figure  3.1. Energy level diagram of an excited molecule. 
3.3. Single Molecule Detection in Solution 
 
 In SMD experiments, the detection of single molecules in solution is not a 
challenge when compared to reduction of background interferences. The 
technical challenge is to discriminate weak fluorescence signatures of single 
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molecules from the high backgrounds produced by Rayleigh and or Raman 
scattering and fluorescent impurities in the solvent. Several approaches have 
been used to minimize these contributions to the background. These include the 
use of extremely high-performance optical filters, ultrapure solvents and the 
reduction of the illuminated-sample volume through the use of laser excitation in 
the confocal, near-field or evanescent configurations. 14, 15 Time-gating has also 
been used to eliminate Rayleigh and Raman scattering. 16, 17 Other approaches 
like the use of two photon-excitation 18 and near-infrared (NIR) excitation have 
been applied as well.19,20  
Signal intensity and the magnitude of the background are critical aspects 
in SMD experiments. In practice the signal to noise ratio (S/N) depends on the 
laser intensity. The rate of fluorescence kf can be expressed as, 21  
( )2.3
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where kisc is the rate constant of intersystem crossing (ISC), kph is the rate 
constant of depletion of the triplet state (T1) and τ0 is the natural fluorescence 
lifetime (1/kr). Due to the finite fluorescence decay time and the triplet state, the 
maximum kf is determined by [τ0+ τ0 (kisc/kph] -1. Under normal conditions, there 
exists a linear dependence between the photon flux of excitation Ιf and the 
background rate kbgd, 
( )3.3elfsolbgd kINk += σν  
where Nν is the number of solvent molecules within the detection volume and kel 
is the detection circuit electronic noise. The quantity kel in Equation 3.3 is a 
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representation of noise–equivalent photon rate that takes into the account 
detection circuit electronic noise. It is therefore a virtual count rate that is 
proportional to the ratio of measured electronic count rate knep, and the detection 
efficiency kdet (kel = knep/kdet).  As a result of this, a signal-to-background ratio SBo 
can be denoted as, 21  
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From Equation 3.4, three characteristic phenomenons can be distinguished for 
SBo.  At small photon flux rates, the electronic noise dominates. Consequently, 
SB0 increase linearly with increase excitation. At mid-photon flux rates where 
electronic noise is negligible, SB0 does not change significantly since the rate of 
fluorescence kf and background kbgd increase nearly linearly with the photon flux 
rates. However, at very high laser intensity, SBo decrease due to the fact that S0-
S1 transition is saturated. Therefore, optimal excitation intensity Ιopt, can be 
defined as 
( )5.3
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From the above derivation, it can be noted that detection efficiency is 
considered sufficient only with respect to the signal-to-background ratio. Since 
photon counting is used universally for SMD measurements, it is therefore 
essential to maximize the photon detection efficiency since only 10-20% of the 
photons emitted by a molecule are collected by the detection optics. Combining 
this with filter transmissions of ≤  50% and detection quantum efficiency of 10-
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50%, a detection efficiency ranging from 0.5-5% is obtained. When all these facts 
are combined, it clearly indicates that a single molecule would generate only a 
few thousands of fluorescence photons that are detectable.  
 Efficiency of SMD experiments is determined by three main factors 
namely, detection efficiency, sampling efficiency and sampling rate. 22 Detection 
efficiency is governed by various experimental and fluorophore properties such 
as quantum yield, the absorption coefficient, fluorescence lifetime, spectral 
properties of fluorophore, photobleaching, molecular transit time through the 
laser beam, probe volume and the single photon detection efficiency of the 
instrument. For high SMD efficiency, optimization of the instrumental parameters 
is required. This can be achieved by maximizing both transmission and collection 
efficiency. In addition, photophysical properties such as quantum yield and 
photostability of the fluorophore used for SMD should be taken in to 
consideration.   
 Typically, the number of photon emitted by a molecule per transit time N, 
can be calculated using,11,23  
[ ] ( )6.31 τφφ kdf eN −−=  
where k = ka/kt, ka is the first order rate constant for excitation and kt is the first 
order rate constant for radiative emission. And 
b
t τττ = where  represents the 
photobleaching lifetime, , the molecular transit time, , the fluorescence 
quantum yield, and the photodestruction quantum yield, . From Equation 
τ
bτ tτ
fφ dφ
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3.6, high quantum yields and photostability results in an increase in the number 
of photons generated.  
Another factor for determining detection efficiency is the discriminator 
threshold level. Thresholds are chosen to minimize the total error probability 
(false positives + false negatives). A false positive is noting a detection event 
when one was not present while a false negative is when a true single molecule 
event is ignored. Setting high threshold levels reduces detection efficiency for 
single molecule events since there is an increase in error due to false negatives. 
Lower threshold values increase detection efficiency but the number of errors 
due to false positives is also increased.  
 One way of improving S/N in SMD measurements is by reducing the 
probe volume. This can be achieved by optically restricting the illuminated and / 
or observed volume, by physically decreasing the size of the sample confinement 
or by a combination of both. However, very small volumes require small sample 
streams to ensure that the sample molecules are confined within the center of 
the laser beam (probe volume) for high sampling efficiency. In most SMD 
experiments, Gaussian laser beams are employed as the excitation source.  As a 
result, the trajectory of molecules being transported through the laser beam 
determines the number of photons emitted. Molecules passing near the edges of 
the detection volume give smaller bursts than those passing through the center 
of the beam. However, samples can be confined to small streams through 
narrowing of the channel sizes or the use of focusing techniques such as, 
hydrodynamic or electrokinetic focusing. This approach has been successfully 
applied in various applications including fragment sizing. 10, 24  
 59
3.4. Application of SMD in Solution 
 
Recently, single molecule detection (SMD) has evolved into a powerful 
tool for DNA analyses.  For example, SMD has been demonstrated in capillary 
electrophoresis,25 near-field scanning optical microscopy,26,27 confocal micr-
oscopy,14 DNA hybridization assays and DNA sequencing.10,29 Strategies 
applying SMD have been suggested for high-speed DNA sequencing without the 
need of an electrophoresis step. 30, 31 Also reported is the rapid DNA fragment 
sizing using CE and SMD measurement in focused sheath flows. 24, 32 The 
principal advantages of SMD for fragment sizing include;  
• the ability to size large DNAs ; 
• no need for an electrophoresis step ; 
• high speed processing ; 
• high detection efficiency of multiply-labeled double-stranded DNAs 
stained with intercalating dyes.  
SMD experiments of DNAs are typically performed by staining the DNAs with 
either bis-intercalating 33 or mono-intercalating dyes 34 or covalent labeling.  35   
Since a lot of effort has been directed toward ultra-small sample volumes 
to improve S/N, microfluidic devices, with their intrinsic small sample volumes, 
are perfect platforms for performing SMD measurements.  These devices offer 
faster analyses times, integration of sample pre-processing steps and can 
potentially be more economical to use since less reagents per analysis are 
consumed.  Ramsey’s and Mathies’s groups have recently demonstrated the use 
of glass-based microdevices for single molecule analyses of both organic 
chromophores and DNA molecules demonstrating that SMD measurements can 
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be performed in these microfluidic devices. 26, 36   The choice of glass in these 
case was based upon its ideal optical properties, producing minimal 
autofluorescence from the substrate material.  Despite the appealing and 
promising developments of microfluidic devices fabricated in glass, a number of 
issues still warrant consideration. For example, the cost of micromanufacturing 
the device, detection strategies, automated loading, fluid handling and wet 
etching, which produces channels with low aspect ratios. 37  
 Polymers are viewed as promising alternative substrates for microfluidic 
devices because they are less expensive and offer greater flexibility in fabrication 
strategies for producing microstructures. 38 In addition, the low electroosmotic flow 
(EOF) associated with many polymers allow their direct use for the analyses of 
DNAs without the need for surface modification to reduce the EOF or wall 
adsorption. 39 Several microfabrication techniques, such as laser ablation, 40 
injection-molding, 41 imprinting and embossing, 42 and X-ray lithography, 43 have 
been reported for the fabrication of devices in polymers.  Effenhauser and co-
workers recently reported on the analyses of DNA fragments and detection of 
single DNA molecules in a poly(dimethylsiloxane) (PDMS) microchip, a polymer 
that has similar properties to glass in terms of its optical properties. 42 
In this chapter I wish to report on the detection of single double-stranded 
DNA molecules multiply labeled with the mono-intercalating dye, TO-PRO-5, 
using near-IR fluorescence detection.  The SMD experiments were performed in 
microfluidic devices fabricated in both PMMA and PC that were embossed from 
molding tools fabricated using X-ray lithography, which allowed the production of 
devices with extremely high-aspect ratios at a minimal turn-around time per 
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fabricated device.  Transport rates, which were controlled electrokinetically, were 
altered by either changing the applied field or the solution pH.  In addition, the 
sampling efficiency of single molecules passing through the probe volume was 
affected using electrokinetic focused flows or reducing the channel width of the 
fluidic device.   Also, results will be reported on the detection of single near-IR 
chromophore molecules, NN382, in polymeric microfluidic devices.  
3.5. Single Molecule Detection of Biomolecules 
 
 SMD has been used to relay conformational states, conformational 
dynamics and the activity of single biomolecules to physical observables that are 
hidden by ensemble averaging measurements. 44 The distribution and the time 
trajectory of these observables can then be monitored during a reaction. Dye 
molecules are covalently and site-specifically attached to biomolecules using 
various labeling chemistries, then physical observables such as ion concentration 
changes 45 and intra- and intermolecular single pair fluorescence resonance 
energy transfer (spFRET) can be monitored and used as a molecular yard stick 
in case where the molecular distance are being investigated. 46 Therefore, SMD 
holds a great promise for enhancing our understanding of biomolecules and their 
structural and functional relations. The challenge, though, is being able to use 
these methods (SMD) to study individual and rare biological process in living 
cells.    
3.6. Single Molecule Detection of Genetic Assays 
 
 Highly sensitive detection methods have become increasingly important in 
genetic and medicinal research and  biotechnology.  In a review by Eigen and 
Rigler, 10 the application of fluorescence correlation spectroscopy (FCS) in 
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molecular diagnostics was reported. They successfully analyzed the hybridization 
kinetics of fluorescently labeled oligonucleotides to target DNA and enzymatic 
cleavage of M13DNA using FCS coupled with confocal fluorescence 
microscopy. 47 In another development, Castro and coworkers developed a rapid 
SMD technique for the detection and quantitation of specific nucleic acid 
sequences in unamplified DNA samples. 48, 49  Their detection scheme involves 
the use of peptide nucleic acids (PNA) probes which posses a higher affinity and 
specificity for DNA targets than regular DNA probes. Two fluorescently labeled 
PNA probes are interrogated using a two color detection system for coincident 
signals resulting from binding of probes with a complementary sequence to the 
target, otherwise only uncorrelated events from single copy target molecule 
would be observed in either channel. 
Recently, Sauer and coworkers developed a fluorescently labeled 
oligonucleotide probe called “Smart Probe” to be applied in single molecule 
genotyping assay. 50 The oligonucleotide probe consisted of a fluorescent dye 
attached at one end of arm sequence on the hairpin structure (loop and stem 
configuration also known as molecular beacon) and a set of guanosine residues 
at the other end of the arm. The dye is quenched through FRET when the 
guanosine residues present at one end of the arm sequence are brought in close 
proximity via hybridization of the complementary arm sequence to form the stem. 
In the presence of a complementary target sequence, the hairpin configuration is 
disrupted separating dye from the guanosine residues. This in turns causes an 
increase in the fluorescence intensity which can be detected using SMD 
methods.  
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3.7. Microfluidic Devices 
 
The idea of miniaturizing total chemical analysis system (µ-TAS) has 
continued to advance rapidly since it was first proposed by Manz and Harrison in 
the early 90’s. 51, 52  Today, lab-on-a-chip  technologies are widely being used in 
various fields of research such as DNA separations, 53, 54 DNA amplifications, 55, 57 
DNA sequencing, 58- 59 immunoassays, 60 protein analysis, 61 environmental  
monitoring and  clinical diagnostics. 62 
 Microfluidic (microchip) devices appear to be ideal platforms for 
developing new ultrasensitive analysis for several reasons. They offer a high 
degree of functionality in that many processes can be integrated into a single 
device simplifying routine operations and eliminating sample carry-over or 
sample cross contamination. In addition, significant reduction in the channel 
sizes lowers the analysis cost by increasing the analysis speed and reducing the 
amount of sample consumed. Fabrication of multiple channels on single 
microfluidic device opens up the possibility for high-throughput analysis on a 
microscale.  
 In most of the early reports, microfluidic devices were fabricated in glass, 
quartz or silicon substrates due to their well defined surface chemistry, good 
electroosmotic properties and excellent optical properties. However, machining of 
glass materials is very challenging. A typical microdevice consist of a series of 
channel (troughs) etched into the substrate using standard lithographic patterning 
and etching techniques. The two main processes of etching that are commonly 
used are dry and wet etching. 38 Dry etching consist of a family of methods in 
which the surfaces are etched in the gas phase, physically through ion 
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bombardment, chemically through a reaction with reactive species on the surface 
of the substrate, or a combinations of both processes. This type of etching 
process is known to provide high resolution and vertical sidewalls. 63  On the other 
hand, wet etching involve the dissolution of the substrate material when exposed 
to a chemical solution. 64, 65 This method is faster and provides higher degree of 
selectivity than dry etching. However, a problem that is encountered when using 
single crystal materials such as silicon, which exhibits anisotropic etching in 
certain chemicals, as opposed to isotropic etching as shown in Figure 3.2. 
Isotropic etching is the process where both the lateral and vertical direction are 
equally removed whereas anisotropic etching is the process where the etching 
rate in the vertical direction is significantly greater than the lateral etching rate. 
Typically acidic isotropic etchants such as HF/HNO3/CHCOOH show diffusion 
limitation, while basic anisotropic are reaction rate limited. 
 
 
 
Figure 3.2. Directionality of etching process 
 
Detailed procedures used in glass fabrication can be found in several 
reports in the literature. 37, 66, 67 Briefly, in a wet chemical etching procedure, the 
process involves the use of an optical mask to transfer desired features to a 
substrate, which is coated with a positive resist. Then UV light is used to break 
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the weak bonds of the positive resist that are exposed to UV light and an 
appropriate solvent is then used to remove the degraded regions. The exposed 
glass is then chemically etched using a buffered HF solution. 68 The mask and the 
photoresist are then stripped  and the glass cover plate is bonded, normally at 
~400-600 0C to form the channels. Due to the nature of the fabrication process, 
isotropically etched channels have low aspect ratios (ratio of the undercutting to 
the etch depth). For mass production of microdevices, both the fabrication 
process and cost of material have to be considered. Multiple applications would 
also require alternative substrate materials and fabrication techniques to be 
adopted.  
 Therefore, in choosing materials for microfluidic devices, the following 
should be considered; 
1. good chemical, thermal and electrical properties; 
2. compatibility with chemical and biological reagents; 
3. availability in pure form at an affordable cost; 
4. good optical properties to allow optical detection during analysis; 
5. allow surface modification and functionalization; 
6. easily machinable and applicable to mass-production; 
7. allow bonding and encapsulation of the fabricated features. 
 Typically, no material would satisfy all of the above conditions; however, 
polymers and plastics represent a wide class of materials that would fulfill some 
of these requirements.   
Since polymers have a wide range of physical and chemical properties, 
theoretically they are ideal for any microfluidic application. Table 3.1 shows 
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Table 3.1.  Material properties of various polymer material and glass.1 
 
 
Glass 
transition 
temp. 
(Tg)(0C) 
Dielectric 
strength 
(kv.mm-1) 
Tensile 
strength 
(mpa) 
Thermal 
conductivity 
@ 23 0C 
(W m-1 K-1) 
Effect of 
organic 
solvents 
Chemical 
resistance to 
strong bases/ 
acids 
Clarity 
(UV/Visible) 
Glass >800     11 40 1.5 Resistant Good/Good Transparent/Transparent 
PMMA 105      15 80 0.17-0.19 Soluble Fair/Good Opaque/ Transparent 
PC 140      15-67 55-75 0.19-0.22 Soluble Fair/Poor Opaque/ Transparent 
PP 100-105      30-40 25-40 0.1-0.22 Resistant Good/Good Opaque/ Opaque 
PET 115     17 80 0.15-0.4 Fairly Resistant Poor/Good Transparent/Transparent 
CTFE 115      40 48 0.16 Resistant Good/Good Opaque/ Opaque 
ABS 98      20-25 41-45 0.17 Soluble Fair/Good Opaque/ Opaque 
 
1Values obtained form the Matweb material data base and Goodfellow corporation’s technical data information. PMMA = 
poly(methylmethacrylate); PC = poly(carbonate); PP = poly(propylene); PET = poly(ethylene terephthalate);CTFE = 
poly(chlorotrifluoro-ethylene); ABS = poly(acrylonitrile-butadiene-stryrene. 
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material properties of glass and various polymers. Most polymers offer favorable 
dielectric strengths that enable one to apply high electric fields during 
electrophoresis, but display lower thermal conductivity. This may result in 
reduced separation efficiency due to thermal convections produced by joule 
heating.  In addition, most polymers are also not very compatible with organic 
solvents. Another drawback with polymers as a substrate for microfluidic devices 
is their poor optical properties, resulting from their opaque nature in the UV and 
the high background (autofluorescence) in the visible range (488 nm) compared 
to excitation in the near-IR range (780 nm).  
3.7.1. Microfabrication Techniques 
 
Polymer fabrication techniques can be broadly classified into one of two 
methods, namely, 
• Direct fabrication methods: Where individual polymer surfaces are 
fabricated to form microstructures. Examples include, laser ablation, 69, 70 
reactive ion etching (RIE) 71 and mechanical milling.  
• Replicator methods: This approach applies a precision template or mold 
insert from which identical features can be made. For example, injection 
molding, 72 hot-embossing and imprinting, 73 and soft-lithography. 74  
In this report I will only discuss the hot-embossing technique since it was used to 
fabricate microdevices in PMMA polymers applied in the present studies. 
3.7.2. Hot-Embossing 
 
Polymer hot-embossing is a cost effective technique for fabrication of 
small micro or nano structures on larger surfaces. A master template made using 
silicon micromachining or LIGA techniques and a polymer substrate are heated 
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separately under a vacuum to temperatures above the Tg of the substrate.  The 
master template and the polymer substrate are pressed together using controlled 
force (several kilonewtons) for a few minutes. The assembly is then slowly 
cooled to just below the Tg and pulled apart leaving the desired features in the 
polymer. This technique has a fast processing time (~ 5 min per device) and 
generates extremely high aspect ratio microstructures. A number of microdevices 
made using this fabrication technique have been successfully used. 18, 75 
3.7.3. LIGA 
 
The term LIGA is a German acronym for X-ray lithography (X-ray 
lithographie), electrodeposition (galvanoformung) and molding (abformtechnik). 
In this technique, a thick layer of X-ray resist is exposed to high-energy X-ray 
radiation to form microstructures by breaking bonds in the polymer backbone. 76, 77 
In most cases, PMMA material is used as the X-ray resist since it has a high 
extinction coefficient at 7-8 Å ( soft X-rays) and can therefore be structured using 
soft X-rays.  Most times, X-ray masks are made on a sheet of kapton membrane 
(transparent to X-rays) coated with a gold plating layer (X-ray absorber), which is 
patterned using conventional optical lithography. 38  
In LIGA processing method (see Figure 3.3), a layer of PMMA is glued 
onto a stainless steel plating base and then, exposed to X-rays to form 
microstructures using an X-ray mask to define the device pattern.  To obtain the 
appropriate microstructure height, the PMMA resist is mechanically milled to 
within a few µm. Next, nickel is electroplated into the PMMA voids on the 
stainless steel from a Ni-sulfamate bath and planarized followed by mechanical 
polishing. The unexposed PMMA resist is then removed using a GG developer 
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and GG rinse. GG developer is a special mixture consisting of 20% tetrahydro-1-
4 oxazine, 5% 2-aminoethanol-1, 60% 2-(2-butoxyethoxy)ethanol and 15% de-
ionized water. 78 The GG rinse consists of 80% 2-(2-butoxyethoxy)ethanol and 
20% water. A scanning electron micrograph (SEM) of a mold insert fabricated in 
this manner is shown in Figure 3.3.  The polymer is then hot-embossed using the 
mold insert to form the desired structures.  
 
X-RAY LITHOGRAPHY                        ELECTRODEPOSITION        MOLDING
Resist 
Microstructure
Conductive 
Base plate
Metal
Resist 
Microstructure
Absorber (gold layer)
Kapton X-ray Mask
PMMA Resist
Base Plate
Synchrotron irradiation
Mold 
cavity
molded 
Microstructure
 
Hot-embossing
3. Electroplating2. Development
1. X-ray Exposure 
4. Mold insert
5. Molded structure
Figure 3.3. Schematic representation of LIGA fabrication process for producing a 
nickel molding master for hot-embossing. Scanning electron micrographs of a 
mould insert and a hot-embossed PMMA microfluidic device with desired 
microstructure are also shown. 
 
3.7.3 Electrokinetic Pumping in Polymers Devices 
 
 Electrically driven pumping is the most prominent mechanism in which 
fluids are transported through microfluidic channels. 55, 79 The mechanism consists 
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of electroosmotic flow (EOF), electrophoretic mobility and electrodynamic 
pumping. 80 These mechanisms incorporate electrodes into the channels that are 
used to manipulate electric fields across a solution, resulting in direct pumping 
through the channels. Similar to capillary electrophoresis, most chemical analysis 
carried out in microfluidic channels employs electrokinetic separation which is a 
combination of EOF and electrophoresis. 
 EOF is the bulk flow of liquid due to the effect of the applied electric field 
on counterions adjacent to the negatively charged wall of a substrate. For glass, 
the walls are negatively charged at neutral pH due to the presence of   ionizable 
siloxy groups. Since glass substrates have been extensively used, their EOF is 
well characterized and is generally larger in magnitude than the electrophoretic 
mobility of most analytes, leading to the migration of all material, irrespective of 
the charge, toward the cathode. A typical EOF value in glass at very basic pH is 
~9.5 X 10 -4 cm2/Vs. 38  
 However, many polymers do not contain ionizable functional groups on 
the surface hence have much lower EOF.  Surface studies of PMMA have shown 
that its EOF is independent of the pH (pH 3- 11) unlike glass which shows a large 
dependence of EOF on pH.81 Though some polymers have shown some 
variation in the EOF, these variations in the surface properties may be attributed 
to the fact that not all polymers are pure. Most commercially available polymer 
used for fabrication have additives and surface treatments that include phthalate 
esters, phosphate esters, epoxy, plasticizers and glycol derivatives that are 
added to improve casting or molding processes or stabilize the polymer after 
curing. 82  As a result of this, the surface chemistry is not well defined and hence 
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the charge is not readily predictable as in glass. Therefore, EOF measurements 
have to be performed directly on the microdevices being used to determine its 
ability to use EOF pumping.   
Electroosmotic flow has also been applied in electrokinetic focusing 
studies in microfluidic devices to confine sample streams through a small 
detection volume in various applications such as single molecule detection 35 and 
flow cytometry. 83  In this approach, the applied electric field causes all the 
analytes to migrate with the bulk flow towards the cathode. But with very low 
EOF such as in PMMA, the difference in the electrophoretic mobility of molecules 
can arise as a result of difference in frictional properties such as the size or 
shape, or as a result of the differences in the net  charge on the molecule. This 
can be shown in the following equation where electrophoretic mobility , is 
given as  
epµ
( )7.3
6 r
q
ep πηµ =  
where  is the charge on the molecule, q η  is the solution viscosity and r  is the 
molecular radius. The migration velocity ( ) of a molecule can therefore be 
written as 
epν
( )8.31Eepep µν =  
where E1 is the applied field strength. In free solution capillary electrophoresis, 
the observed mobility,  , contains both the electrophoretic component, , 
and the electroosmotic  component, . The relationship between the observed 
and the actual mobility of the analyte is given by  
obdµ epµ
eofµ
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( )9.3eofepobd µµµ ±=  
Therefore, 
( ) ( )10.31Eeofepobd µµν ±=  
From Equation 3.9, the sum of and  indicates that both electrophoretic 
mobility and the electroosmotic flow are acting in the same direction, whereas if 
and  act in opposite direction, the observed electrophoretic mobility is 
given by the difference between the two terms.  
epµ eofµ
epµ eofµ
For the experiments involving the electrokinetic focusing of sample 
molecule through a single sample stream, two sample field strength, E1 (electric 
field strength in the sample channel) and focusing field strength, E2 
(corresponding to the electric field strength in the focusing channel) are applied. 
Therefore Equation 3.10 can be given as  
( ) ( )11.32Eeofepobd µµν ±=  
Focusing potential E2 can be varied to enhance or diminish the migration 
velocity, νobd   of the analyte through a lateral focusing.  
3.7.4 Applications of Polymer Microfluidic Devices 
 
Polymer-based microfluidic devices have been widely applied in analytical 
systems, biomedical devices, tools for chemistry and biochemistry, and systems 
for fundamental research. These applications have been the subject of several 
reviews in the literature. 38, 84, 85 Clearly, as biotechnology progresses, there has 
been an increased demand for high-throughput systems that are efficient and 
cost effective. In recent years, a great part of microfluidic technology has been 
directed towards applying polymer-based devices in the biological and life 
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sciences due to there excellent solvent and biocompatibility and variable surface 
properties. These devices have been widely used in areas such as DNA 
separation and analysis, 86 clinical diagnostics, 87, 88 cell culture and cell handling, 89 
DNA sequencing 41 and PCR amplification. 90  
Most single molecule experiments reported have been performed in glass-
based microfluidic devices. 35, 36, 91 For example, DNA fragment sizing by single 
molecule detection was demonstrated by Craighead and coworkers in ultrasmall 
microfluidic system. 92 The devices were fabricated using the sacrificial layer 
technology which allows fabrication of micro/nano structured fluidic channels that 
provide the femtoliter probe volumes used for DNA fragment sizing analysis. 
However, the application of polymers-based devices for single molecule 
experiments is being explored. Effenhauser and coworkers have demonstrated 
the use of PDMS devices for analysis of DNA fragments and peptides and 
detection of single DNA molecules. 42 In their single molecule experiments, λ-
DNA samples were intercalated using bis-intercalator, YOYO-1 (Molecular 
Probes, Eugene, OR), and detected using LIF. In this Chapter, I apply PMMA 
and PC microfluidic devices as platforms for single molecule detection of double 
stranded DNA molecules. Another application of polymeric devices is 
demonstrated in Chapter 4, where PMMA microdevices are used to perform 
molecular diagnostic assays to identify genetic variations in human genome. 
3.8. Experimental Section 
 
3.8.1. Microchip Fabrication 
 
The microdevices were fabricated using a photolithographic procedure 
described elsewhere. 43, 75, 81 The procedure is illustrated in Figure 3.4. Briefly, the 
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procedure involved fabricating microstructure via LIGA (see Figure 3.4 A), which 
involved spin coating PMMA substrate onto a stainless steel plate and the 
exposed to X-rays to for microstructure defined by an X-ray mask. The exposed 
PMMA was then removed using a developer and GG solution. The PMMA resist 
was then planarized to the appropriate height. Nickel was then electroplated into 
the PMMA voids on the stainless steel base from a Ni-sulfamate bath, then 
planarized and lapped (see Figure 3.4 B for picture of mold insert).  
 
 
Figure 3.4.  Illustration of the procedure used for producing a nickel master 
(nickel electroform) for hot-embossing using X-ray lithography (A). (B) Scanning 
electron micrographs of a mold insert (top) and a hot-embossed PMMA 
microchip with the desired microstructures (bottom). (C) Schematic diagram of 
the microchip topography. The channels shown are 80 µm deep and 50 µm wide. 
On this schematic, A is the sample waste reservoir, B is the sample reservoir and 
C and D are buffer and/or sheath flow reservoirs.   
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After the mold insert was fabricated, it was mounted along with the 
substrate material (i.e. PMMA or PC) in an embossing system consisting of PHI 
Precision Press Model number TS-21-H-C (4A)-5 ( City of Industry, CA). The 
machine was evacuated, and the substrate and master heated above the 
polymers’ glass transition temperature, Tg (Tg of PMMA = 105 0C; Tg of PC = 140 
0C). 81 The mold insert and the substrate were pressed together using a controlled 
force of 1000 lbs for 4 min and gradually cooled to a temperature just below the 
Tg of the substrate. The mold insert and substrate were then demolded, leaving 
the desired features in the polymer. SEMs of hot-embossed structures are shown 
in Figure 3.4B. 
A thin film of PMMA substrate with a thickness of 0.25 mm was used as a 
cover plate for the fabricated channels in the PMMA substrate. Prior to assembly, 
the microchip was first cleaned by sonicating in water for 20 min at room 
temperature and then rinsed with 2-propanol, flushed with deionized H20 and 
dried under nitrogen. It was then placed in an oven (Vulcan™ 3-550, Yucaipa, 
CA) with a weight on top of the cover plate for thermal bonding. The temperature 
of the oven was set to the Tg of PMMA (105 0C) for 1 hour with a ramping rate of 
20 0C per min and then cooled gradually to room temperature for 2 hrs. A similar 
procedure for covering the PC chips was used as well, except the oven 
temperature was set to the Tg of PC (140 0C). Two sets of microdevices having 
channel sizes of 15µm wide and 55 µm deep (twin “T”) and 50 µm wide and 80 
µm deep (simple cross) were molded using the described technique and applied 
in our experiments.  
 
 76
3.8.2. Materials and Reagents  
 
λ-DNA, M13mp18 RF DNA, pBR322 and plasmid pUC19 were purchased 
from Sigma Chemicals (St. Louis, MO, USA) and used as received. TRIS, 
sodium acetate, and ultra-pure EDTA were obtained from Life Technologies 
(Gaithersburg, MD, USA). The mono-intercalating staining dye, TOPRO-5 (see 
Figure 3.5 for chemical structure) and TOPRO-3 were received from Molecular 
Probes (Eugene, Oregon, USA) and the near-IR fluorescent molecule, NN382, 
from Li-COR Biotechnology (Lincoln, NE, USA). 
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Figure 3.5.  Chemical structure of TOPRO-5, mono-intercalating staining dye. 
 
3.8.3. DNA Labeling 
 
0.1X TAE buffer (4 mM TRIS, 0.2 mM sodium acetate, 0.2 mM EDTA, pH 
8.0) was prepared weekly. The pH of the buffer was adjusted using either 0.1 M 
NaOH or 0.1 M HCl. DNA samples were diluted to the appropriate concentrations 
in ddH20 and stored in a refrigerator until required for use. The mono-
intercalating dye TOPRO-5 was used to stain the double-stranded DNA 
molecules.  Prior to use, λ-DNA samples were heated for 10 min at 65 0C and 
cooled rapidly to 4 0C in a Genetech thermocycler (Princeton, NJ, USA) and 
aliquots of the linearized λ-DNA solutions were prepared using 0.1X TAE buffer 
 77
to which the appropriate concentration of the staining dye was added.  A similar 
concentration of the staining dye was also added to the running buffer (0.1X 
TAE) used for the electrokinetic pumping of the DNA through the excitation 
beam. The dye concentration used in the running buffer was carefully selected, 
since the free dye can result in residual fluorescence and therefore, affects the 
signal-to-noise in the single molecule measurements. 93 At high staining dye 
concentrations (>100 nM), the background count rate was very high, lowering the 
detection efficiency for the single DNA molecules.  At low dye concentrations, 
weak signals were observed from the DNA molecules, since the loading level of 
dye per molecule was low.  Haab and Mathies have reported similar results for 
single molecule burst detection of ds-DNA molecules in a capillary using mono-
intercalating dyes. 34 Dye concentrations ranging from 1.0 nM–1.0 µM were tested 
and an optimal TOPRO-5 concentration of 10 nM was established for the DNA 
concentrations used our measurements (~10 ng/mL).   
3.8.4. Instrumentation   
 
The confocal fluorescence detection system is schematically shown in 
Figure 3.6. The excitation source was a GaAlAs diode (Melles Griot, Boulder, 
CA, USA, Model-6DLD201) equipped with an anamorphic prism pair to produce 
a circular output beam in a pseudo-Gaussian transverse electromagnetic (TE) 
mode structure to allow tight focusing. The laser head was cooled with a Peltier 
cooler (model 06DTC101, Melles Griot). Excitation light (750 nm) from the laser 
was passed through a 750 nm line filter (Omega Optical, Brattleboro, VT, USA) 
and diverted into a microscope objective (40X, 0.65NA) using a dichroic filter 
(770DRLD, Omega Optical) and into the microchannel of a chip mounted on an 
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X-Y-Z translational stage. The beam was focused with this 40X objective and 
produced a beam waist (1/e2) of ~7 µm, resulting in a detection volume of ~2.0 
pL. Fluorescence was collected by the same objective, transmitted through the 
dichroic mirror and filtered by a bandpass filter (780 DF20, Omega Optical), 
passed through a 100 µm diameter pin hole and focused onto the active area of 
an avalanche photodiode (SPCM-AQ-141, EG&G, Vandreuil, Canada) using a 
20X objective. TTL pulses from the photodiode were counted by a PC plug-in 
board (PC100, Advanced Research instruments, Boulder, CO) and stored and 
subsequently analyzed by a Pentium PC computer. 
 
 
 
 
Figure 3.6.  A schematic of the confocal fluorescence system used for SMD in 
the microfluidic chips.  The confocal unit consisted of a diode laser (λ = 750 nm) 
that was directed into a microscope objective using a dichroic and focused into 
the center of the fluidic channel approximately ~50 µm from the cross (see Figure 
1). The fluorescence was collected by this same objective and imaged onto a 
pinhole and finally processed using a single photon avalanche diode.  
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3.8.5. Electrokinetic Pumping and Data Acquisition 
 
Electrokinetic pumping was performed in 0.1X TAE containing the 
appropriate concentration of intercalating dye. The entire background electrolyte 
was filtered through sterile 0.45 µm pore filters (Nalge Company, Rochester, NY).  
Approximately 10 µL of sample (stained ds-DNA) was pipetted into sample 
reservoir B (see Figure 1C), with the running buffer placed into all other wells of 
the device.  Platinum electrodes were inserted into each well and a voltage 
applied from a high voltage power supply (Model CZE1000R, Spellman, 
Plainview, New York, USA), which was controlled by the computer.  DNA 
samples placed in sample well (B) were electrically grounded and a positive high 
voltage applied to reservoir (A) to insert the sample into the microchannel, driving 
the stained DNA into reservoir (A). Typically, reservoirs (C) and (D) were 
grounded, unless electrokinetic hydrodynamic focusing was used. 
3.8.6. Data Analysis  
 
An autocorrelation analysis has been shown to be effective in 
demonstrating the presence of correlated bursts of photons due to single 
molecules and in characterizing transit times of these particles. 13, 17 The digital 
autocorrelation function, A(τ), is calculated using the relationship, 
( )12.3)()()( 1
0
ττ += ∑−
=
tdtdA
N
t
 
where N is the total number of points in the data stream, d(t) is the data point at 
time t, and d(t +τ) is the data point at time t + τ (τ is the delay interval). In our 
experiments, the autocorrelation was computed over the entire data set, which 
consisted of a 10 s total accumulation time with each data point representing 2 
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ms (total  number of points = 5000). Individual molecules passing through the 
laser beam were examined using a weighted quadratic summing filter given 
by 13, 17 
( )13.3)()()( 1
0
2∑−
=
+=
k
tdtS
τ
ττω  
where k is a range that covers a time interval equal to the molecular transit (k = 5 
corresponding to 10 ms in the present experiments). To best distinguish the 
analytical signal from the random nature of the background noise, the weighing 
factor, ω(τ), was chosen as an asymmetrical ramp, ω(τ) = (τ +1)/k for τ = 0 to k-1, 
otherwise ω(τ) = 0. The quadratic form in Equation 3.13 produced a numerical 
output that could be readily processed by a threshold discriminator or peak 
detector to indicate the presence of a molecule.  
3.9. Results and Discussion 
 
The efficiency of detecting single molecules in a flowing solution is 
determined primarily by minimizing the background. One way of achieving this is 
by reducing the autofluorescence or scattering produced from the substrate. 
Studies were carried out to determine the amount of autofluorescence produced 
from commonly used polymer microfluidic substrates. As seen in Figure 3.7, 
higher autofluorescence levels were observed for all polymers when a 488 nm 
source irradiated the substrate compared to excitation at 780 nm. Glass, 
however, showed similar autofluorescence properties when excitation was 
carried out at 488 or 780 nm.  As seen from these data, PMMA and PC have 
optical properties comparable to glass when excitation is performed in the near-
IR. Therefore, it is clear from these data that near-IR monitoring of the 
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fluorescence will improve the detection efficiency for single molecules due to the 
low amounts of background luminescence produced by the polymer substrate 
material. 
 
 
 
Figure 3.7. Fluorescence generated from laser excitation impinging on glass and 
various polymer sheets illuminated with either a 488 nm or 780 nm laser.  The 
confocal unit described in Figure 2 was used for these measurements, except 
that the appropriate filter sets were used for either 488 or 780 nm excitation. In 
both cases, 1.0 mW of laser power was used for generating the signal. To avoid 
bleaching, the glass and polymer sheets were slowly translated through the 
stationary microscope.  PMMA = poly(methylmethacrylate); PC = 
poly(carbonate); PP = poly(propylene); PET = poly(ethylene terephthalate); 
CTFE = poly(chlorotrifluoro-ethylene); ABS = poly(acrylonitrile-butadiene-
stryrene).  
 
For the DNA SMD experiments, the dye concentration used in the running 
buffer was optimized to improve signal-to-noise for single molecule burst 
detection. 34 Samples of λ-DNA were labeled directly with the appropriate 
concentration of the mono-intercalating dye, TOPRO-5.  A solution containing 10 
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ng/mL (310 fM) of λ-DNA was labeled with TOPRO-5 having concentrations 
ranging from 1.0 nM to 1.0 µM. The resulting concentration of DNA base pairs  
was 15 nM resulting in a dye to DNA bp ratio of 1:15 – 1:0.015. The λ-DNA 
samples were then pumped into the channel using an electric field strength of 
250 V/cm and fluorescence bursts from the individual DNA molecules collected 
and analyzed.  From these experiments (see Figure 3.8), it was determined that 
an optimal dye concentration of 10 nM (1:1.5 dye:bp ratio) produced the best  
 
 
 
Figure 3.8. Left: Plots of signal-to-noise ratio (SNR) verses dye concentration 
determined from a solution containing  10 ng/mL (310 fM) of λ-DNA labeled with 
TOPRO-5 having concentration ranging from 1 nM-1000 nM .The resulting DNA 
base pair concentration in this experiment was 15 nM giving a dye:bp ratio of 
1:15 to 1:0.015.  Right: SNR resulting from λ-DNA samples having a dye:bp ratio 
ranging from 1:15 – 1:0.015.  
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signal-to-noise ratio for the individual molecular events. Since, the quantity of 
fluorescent dye intercalated into the DNA fragment is proportional to its length 
and the amount of dye added (up to saturation, which for mono-intercalators is 
on the order of one dye per 1.5 bp) each DNA molecule will show higher 
fluorescence intensities with its length and also dye:bp ratios up to 1:1.5. 94    
Another important parameter that we optimized for our experiments was 
the time taken by an individual molecule to pass through the detection volume 
(transit time), since optimal illumination times are necessary for efficient SMD 
detection. Mathies and Peck reported on illumination time and incident laser 
power as critical parameters to be considered for optimization of high sensitivity 
fluorescence detection. 95 At higher laser intensities, a significant fraction of 
molecules are pumped into their excited state, resulting in the depletion of the 
ground state. Therefore optical pumping should be intense, but up to saturation 
of the transition since higher laser intensity would result in an increase the 
background causing a lower signal-to-background ratio (see Equation 3.3) hence 
detection efficiency.  In addition, long illumination time of the sample would 
generate more photons per molecule but is limited by photodestruction. Based on 
the studies, it was concluded that when the background scattering is weak, 
longer illumination time and higher laser intensities can be applied. On the other 
hand, short transit time and lower light intensities are required when the 
background scattering is strong. In our experiments, an optimal laser power of 
0.5 mW was applied. The average migration velocity (cm/s) of λ-DNA was first 
determined by pumping a concentrated DNA sample electrokinetically between 
reservoirs (A) and (B) in Figure 3.3C, with the channel initially filled with buffer.  
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The signal from the DNA molecules was recorded in 32 sec (travel distance = 2.0 
cm), giving an average migration velocity of 0.06 cm/s using a field strength of 
250 V/cm.  In this case, the average transit time of a single λ-DNA molecule 
through the beam could be calculated using the equation τt = (πωo)/2ν, where ωo 
is the beam waist (7 µm).  A transit time of 18 ms was determined. 
 
 
τ = 17 ms 
τ = 8 ms 
τ = 18 ms 
(B) (A) 
Figure 3.9. Normalized autocorrelation function of single λ-DNA molecules taken 
at two pH values in both PC (A) and PMMA (B) microfluidic devices.  The 
autocorrelations were derived from 300 ms of the 10 sec collection time with the 
photocounts accumulated over a 2.0 ms time interval.  The buffer was 0.1X TAE 
adjusted to pH 7.0 or pH 8.0 and contained 1 nM of TOPRO-5.  The DNA 
concentration used in all cases was 1.0 ng/mL.  The electric field (E1) was set at 
250 V/cm and applied between reservoirs (A) and (B) (see Figure 3.4).  
 
Solutions of 1.0 ng/mL (31 fM) of λ-DNA stained with TOPRO-5 were 
dissolved in 0.1X TAE buffer at pH 7.0 and 8.0 and pumped into the PMMA and 
PC microfluidic devices electrokinetically.  At a concentration of 1.0 ng/mL and 
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the 2.0 pL probe volume, the probability (Po) of a single molecule occupying the 
detection volume is ~ 0.04, which was calculated from  96 
( )14.30 vAPCNP =  
where C is the DNA concentration (moles L-1), Pν  is the size of the probe volume, 
and NA is Avogadro’s number. At this low occupancy probability, statistically, the 
bursts that are observed are produced from single molecules and not multiple 
molecules. 
Migration times and velocities for individual molecules at each pH were 
determined from the autocorrelation function, which are shown in Figure 3.9. The 
residence time of the molecules within the laser beam could be determined from 
the half-width of the nonrandom component of the autocorrelation function which 
was fit to a Gaussian function. As can be seen from this data, there was no 
change in the transit time of molecules as they traveled in the PMMA 
microdevice at these two pH values.  However, PC showed differences in transit 
times, with a transit time of 8 ms at pH 7.0 and 17 ms at pH 8.0, which was 
determined from the width at half height of the autocorrelation function.  While it 
is expected that the DNA electrophoretic mobility should be independent of pH, 
the change in the transit time is well illustrated by the fact that the migration 
velocity νobd of the DNA can be determined from 
( ) ( )15.31Eeofepobd µµν −=  
where  is the electrophoretic mobility of the DNA, , is the electroosmotic 
flow mobility and E
epµ eofµ
1 is the applied electric field. Subtraction of the electrophoretic 
mobility and electroosmotic flow in determining migration velocity results from the 
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fact that the EOF runs counter to the electrophoretic mobility of the highly anionic 
DNA molecules.  From our results, the solution pH alters in only the PC 
microdevice, resulting in changes in the migration velocity. In the case of PMMA, 
the migration velocity is independent of the pH, consistent with our previous data, 
which has shown that the magnitude of the EOF is independent of solution pH 
over this range.
eofµ
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Figure 3.10. Normalized autocorrelation functions of burst data taken at different 
field strengths on (A) PMMA  and (B) PC microdevices. The normalized functions 
were obtained over a 300 ms. See Figure 3.9 for the experimental conditions.  
 
Next, the effects of applied voltage on the transit times and sampling 
(processing) rates of single molecules in both PMMA and PC microfluidic devices 
were investigated.  If the linear velocities of single molecules are increased, the 
number of molecules processed per unit time increases, but the residence time in 
the sampling volume decreases, decreasing the number of photons detected per 
molecule.  Field strengths ranging from 100 V/cm to 350 V/cm were evaluated 
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using both polymer devices. The autocorrelation results shown in Figure 3.10 for 
PMMA and PC indicated a decrease in the transit time as E1 increases, 
consistent with Equation 3.15. Although the decreasing trend is true in both 
devices, PC shows some deviations in that trend (Figure 3.10 B). This may be 
due to the surface interaction (adsorption) between DNA molecules and channel 
wall of PC resulting in a change in the mobility of the DNA. However, the 
autocorrelation plots indicate a decreasing trend in the transit time as E1 
increases (for 250 V/cm, τ= ~18 ms and 200 V/cm τ= 25 ms). Therefore, using 
PMMA microdevices, we calculated the transit time, migration velocity, number of 
molecules transported through the probe volume per second and the average 
number of photons detected per transit.  The results are shown in Table 3.2.   
Table 3.2. The effects of electric field strength on the delivery rate of molecules 
into the sampling (probe) volume and also, the number of photons detected per 
molecule as a function of the applied field. In these measurements, [DNA] = 1.0 
ng/mL and the DNA sample was λ-DNA with TOPRO-5 used as the staining dye 
on a  PMMA microdevice. The number of photons per transit represents the 
average value and was calculated over 20 random bursts in the data stream.  
The numbers in parentheses represents the standard deviation in the average 
value. 
Field 
Strength 
Transit Time 
(ms) 
Migration 
velocity (cm/s) 
Number of 
Molecules per 
second 
Number of 
Photons per 
transit 
150 V/cm 30 0.04 14 804(± 376) 
250 V/cm 18 0.06 22 729(± 241) 
350 V/cm 12 0.09 34 287(± 89) 
 
 
The number of molecules passing through the probe volume per second (Nev) 
was calculated from 13 
( )16.32
0
0
πω
ν ep
ev
P
N =  
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where  is the probability of single molecule occupancy (see Equation 3.14) 
and ω
0P
o is the 1/e2 laser beam waist (7 µm). Higher fields bring more molecules 
into the sampling volume per unit time, which would allow high sampling rates, 
however, the number of photons per molecule detected were reduced when the 
transit time increased.  For example, at 150 V/cm, the average number of 
photons detected per molecule per transit was ~804 and this number was 
reduced to ~287 when the applied field increased to 350 V/cm.  Reductions in the 
integrated number of photons accumulated per molecule can reduce the 
detection efficiency for the single molecule events. 
High detection and sampling efficiencies are requirements for favorable 
SMD results.  Detection efficiency (number of molecules detected per unit time 
compared to those expected) for single molecules is determined by several 
chromophore and experimental parameters. Since detection efficiency is 
determined primarily by signal-to-noise ratio in the measurement, experimental 
parameters such as laser probe volume, transit time of the molecule through the 
probe volume (sampling rate), laser illumination intensity and the single photon 
detection efficiency of the instrumentation were critical parameters that we 
considered for our detection system. Small sampling volume of ~2 pL and low 
laser intensity (0.5 mW) were used, resulting in lower background and high S/N 
ratio. In addition, a photon avalanche diode detector coupled to a PC plug-board 
consisting of two alternating counters with a zero dead time. This means when 
one counter is counting, the other may be transferring data to the computer. The 
switching from one to the other on the end of the time period is instantaneous, so 
there is no dead time and no missing pulses. 
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Figure 3.11. Electrokinetic focusing process on a PMMA microfluidic device 
fabricated via LIGA process. 
 
Sampling efficiency is the number of molecules traveling through the 
probe volume per unit time to those that actually travel through the microchannel. 
Increasing the sampling efficiency can be accomplished by using hydrodynamic 
and/or electrokinetic focusing, in which a sheath is used to confine and focus the 
sample stream to a diameter less than that of the interrogating beam. 83  Focusing 
studies in both PMMA and PC were investigated using two approaches shown in 
Figure 3.11. The first approach ( Ι ) investigated the focusing effects in  both 
PMMA and PC microdevices  using 1 µM fluorescein dye in 0.5X TAE buffer with 
the resulting flow stream visualized using a fluorescence microscope. Figure 3.12 
shows fluorescence images of fluorescein being electrokinetically pumped from 
sample reservoir (B) to the waste reservoir by applying  +1000 V at (A) using the 
PMMA microchip ( Ι ) in Figure 3.11. A negative field, E2, was applied at 
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reservoirs (C) and (D) to generate a sheath or focusing flow and was varied 
between – 60 V to – 240 V (E2 = 60 - 240 V/cm). 
 
 
Figure 3.12. CCD images showing fluorescein (concentration = 1.0 µM) being 
transported through a PMMA microdevice by applying a negative voltage of -60, -
120, -180 and -240 V to buffer reservoirs (C) and (D). The imaging microscope 
was equipped with a mercury lamp set at 488 nm.  The buffer system used was 
0.5 X TAE (pH = 8.0).  A constant voltage of +1,000 V was applied to (A).  
 
  As seen from these images, when no field was applied to the side 
channels, the dye leaked into these channels.  Application of a small negative 
potential to (C) and (D) prevented this leakage and developed some flow 
focusing. However, as the magnitude of E2 was increased, significant reduction in 
the sample flow (fluorescein) resulted as seen from the reduced fluorescence 
intensity of the flow stream.  When the voltage was greater than -120 V, the 
applied field, E2, acts as a gate inhibiting sample flow from (B) to (A).  This can 
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be explained by inspection of Equation 3.17, which gives the migration velocity in 
the presence of the applied field in the sheath channels;  
( ) ( )17.3211 EEE eofepobd +−= µµν  
where the electric flied E1 is applied between reservoirs (A) and (B), and E2 is 
applied between reservoirs (C) and (D).  When E2 increases, the EOF (counter 
flow) increases in the side channels making it difficult for the negatively charged 
molecules to flow to reservoir (A).  As E2 increases, the migration velocity is 
reduced until at some applied field, the flow stops (gating occurs) due to the net 
electroosmostically generated flow exceeding the electrophoretic flow of the 
labeled DNA.  In the case of PC, no gating or hydrodynamic focusing was 
observed at pH 7.0, since there was minimal EOF present for PC at this solution 
pH.  
However, in the second approach, we performed focusing studies using 
PMMA microdevice ( ΙΙ ) (see Figure 3.11). Instead of loading the sample from 
reservoir B and applying a positive voltage at reservoir A, we made reservoir A 
the sample well and applied a negative voltage to this same reservoir. The 
resulting field generated along A-B is reinforced by the applied field along C and 
D. Therefore, the observed mobility of the molecule in the presence of the 
focused flow is given as, 
( ) ( )18.3121 EEE eofepobd µµν −+=  
When E2 is increased, the migration velocity of the DNA sample in the channel 
was greater than the EOF, and therefore, analyte molecules in the focusing 
channel were driven toward reservoir B (GRD). The resulting voltage at the T-
junction confines the sample to a narrow path.  
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 (A) 
 
 (B) 
 
Figure 3.13. (A) Fluorescent burst height plots of a blank (background), 1.0 
ng/mL of unfocused and focused  λ-DNA molecules.(B) Autocorrelation plots  
showing the transit time and number of events of λ-DNA molecules traversing the 
laser beam (7 µm spot size) that were detected above threshold (set such that 
the probability of false positives is zero). The DNA molecules were 
electrophoretically pumped in 0.5 X TAE buffer, pH 8.0 at 375 V/cm field 
strength. 
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Due to the Gaussian intensity profile of the laser beam, molecules 
experience different rates of excitation, which result in variations in burst heights. 
However, spatial confinement of the molecules through the center of the beam 
minimizes these variations. Figure 3.13A show fluorescence burst from DNA 
molecules undergoing electrokinetic focusing on PMMA microdevice (ΙΙ). Over 20 
s collection time, 11 and 31 out of the 64 expected events were counted above 
threshold (set such that the number of false positive is zero) from the unfocused 
and focused sampling respectively. A sampling efficiency of ~49% is achieved 
with electrokinetic focusing and ~17% without focusing. Short residence times 
are observed (see Figure 3.13 B) in focused samples due to the increased 
migration velocity of the samples. Therefore, as the linear velocities of single 
molecules increases, the sampling rate (the number of molecules processed per 
unit time) also increases. However, the residence time in the sampling volume 
decreases thus decreasing the number of photons detected per molecule. The 
reductions in the integrated number of photons accumulated per molecule lowers 
detection efficiency for the single molecule events. Optimizing the field strength 
along the separation (A-B) and focusing (C-D) improved our detection efficiency. 
I opted to use microfabricated devices possessing narrower channels to 
increase the sampling efficiency.  PMMA devices with channel widths of 15 µm 
(47% sampling efficiency for a 7 µm diameter beam) and 50 µm (14% sampling 
efficiency) were evaluated with both 1.0 and 10.0 ng/mL λ-DNA stained with 
TOPRO-5 and fluorescence bursts detected from the individual molecules as 
they traveled through the beam (E1 = 250 V/cm).  A histogram was constructed 
for each microdevice (see Figure 3.14), where the number of events counted as  
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a function of the discriminator threshold was determined. Setting the threshold 
limit at 7 arbitrary units, where 7 represents 3σ and  σ is the standard deviation in 
the background signal (chosen to minimize the number of false positives), we 
registered 11 ± 0.4 events with the expected number of molecules being 22 (over 
a 10 sec interval of time and was determined using Equation 3.16) in the 15 µm 
channel, while 2 ± 0.1 were detected in the 50 µm channel under the same 
experimental conditions. This resulted in a ~50% and ~10% sampling efficiencies 
for the 15 and 50 µm channel width microdevice respectively, similar to the 
values observed with electrokinetic focusing and those calculated using the 
channel cross section and the width of the interrogating beam.  
 
 
 
Figure 3.14. Fluorescence burst heights distributions taken from single λ-DNA 
single molecule data sets after applying a WQS filter.  A histogram of the number 
of events verses the peak height for (a) 10.0 ng/ml (b) 1.0 ng/ml and (c) blank of 
λ-DNA is presented in the PMMA microdevices of channel sizes, (a) 15 µm and 
(b) 50 µm.  The vertical dashed line represents the discriminator threshold 
selected to minimize false positive signals generated from the blank 
(background).  All signals exceeding this threshold level were counted as single 
molecule events.  
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(B) 
 
Figure 3.15. (A) Unfiltered (raw) (B) WQS-filtered fluorescence bursts plots from 
individual pBR322 molecules passing through the probe volume in a PMMA 
microdevice (channel width = 15 µm) for a blank and 200 pg/mL. The DNA 
molecules were electrophoretically pumped from reservoirs in 0.5X TAE buffer 
containing 1 nM of TOPRO-5 with a field strength of 250 V/cm.  
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A microdevice of PMMA with a 15 µm channel width was then used to 
monitor various DNA solutions consisting of λ-DNA (48.5 kbp), M13 (7.2 kbp), 
pBR322 (4.3 kbp) or pUC19 (2.7 kbp) DNAs that were stained with the mono-
intercalating dye, TOPRO-5.  Our goal was to be able to differentiate between 
these DNAs based on the average number of photocounts detected per burst. 
Examples of raw and WQS-filtered photon burst plots generated from pBR322 
DNA is shown in Figure 3.15.  The bursts from a much small DNA fragment of 
pUC19 DNA (2.7 kbp) are also observed in Figure 3.16. The average number of 
photocounts observed were, λ-DNA = 900 (± 45), M13 = 110 (± 5.0), pBR322 = 
85 (± 4.3) and, pUC19 = 48 (± 2.4). Fitting the data (burst size in photocounts 
verses DNA size in bp) to a linear plot produced a correlation coefficient of 0.998. 
The average burst size correlated well with changes in DNA size. For example, 
the ratio of DNA size (in bp) for λ-DNA and pUC19 is 48.5 kbp/2.7 kbp = 17.9, 
while the ratio of their average burst size was 18.7. 
 However, using SMD for fragment sizing is somewhat challenging due to 
a variety of parameters that can compromise the efficiency of detection. For 
example, a lack of correlation between changes in DNA length and burst size 
may be attributed to experimental parameters such as photobleaching of the 
intercalating dye, high backgrounds reducing the ability to detect smaller 
amplitude bursts or the use of the mono-intercalating dye. 97 For that reason, 
most single molecule sizing experiments have been performed using bis-
intercalating dyes, which have a much higher affinity for double-stranded DNA 
compared to the mono-intercalator used here. Dimeric staining dyes consist of 
two chromophore covalently linked through a polycationic chain and  
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Figure 3.16. Fluorescence bursts (WQS-filtered) from individual pU19-DNA 
molecules passing through the probe volume in a PMMA microdevice (channel 
width = 15 µm) for a  blank  and  200 pg/mL. The DNA molecules were 
electrophoretically pumped in 0.5X TAE buffer containing 1 nM of TOPRO-5 with 
1 nM of TOPRO-5 with a field strength of 250 V/cm. 
 
demonstrated large binding constants for dsDNA compared to their monomeric 
counter parts. In addition, fluorescent quantum yields of the dimeric form of the 
dye are significantly improved in the bond state compared to those in free 
solution, this makes these dye appropriate for SMD measurements. Due to the 
low binding affinity for the mono-intercalator, they dissociated upon 
electrophoresis in the absence of free dye. The bis-intercalator may relax some 
of the stoichiometric behavior on binding. 94 Previously, we observed changes in 
the burst size with varying DNA length although large standard deviations in the 
measurements precluded statistical confidence in the discrimination process. The 
large standard deviations were a consequence of the fact that the molecules 
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were free to traverse through the entire Gaussian intensity profile associated with 
the excitation beam and as such, experience different rates of excitation. In 
addition, differences in the optical collection efficiency may also have contributed 
to the large standard deviation. 95 DNA sizing results from unfocused flow 
experiments were consistent with those of Haab and Mathies 34 who also used 
mono-intercalating dyes and noticed large statistical variances in single molecule 
burst sizes with DNA length. However, confinement of the molecules to travel 
through the center of the beam, where the intensity is more uniform, reduced 
these variations.    
The use of PMMA microdevices as separation platform has been 
demonstrated with high resolution and great reproducibility. However, when 
additional on-chip functionalities are needed such as PCR amplification and LDR, 
the low glass transition temperatures of PMMA (105 0C) is insufficient to support 
high temperature cycling conditions. Therefore polycarbonate devices which 
have a higher glass transition temperature (150 0C) are used in devices that 
require thermal cycling. Therefore, to further evaluate the efficiency of our system 
to monitor single chromophores, single molecules of NN382, a near-IR 
fluorescent dye, were electrokinetically pumped through the probe volume by 
applying +1000 V at (B) and placing the sample in reservoir (A) and analyzed in a 
PC microdevice. The dye concentration was set at 100 fM yielding a probability 
for single molecule occupancy of 0.06. Fluorescence photon bursts from 
individual chromophore molecules are shown in Figure 3.17 for both the raw and 
filtered data sets. As can be seen, strong bursts were observed for the dye 
solution, with the blank showing no observable bursts.  An autocorrelation  
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(B) 
 
Figure 3.17. Fluorescence bursts from a blank  and single NN382 molecules in 
buffer (0.5X TAE) electrokinetically pumped through a PC microdevice. (A) Raw 
(B) WQS-filtered data sets. In this case, no staining dye was present in the 
running buffer. The dye concentration was set at 100 fM, giving Po = 0.05. The 
laser wavelength used for excitation was 750 nm (1.0 mW) and an integration 
time of 2.0 ms was used for data accumulation.  
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analysis of the data sets indicated a transit time of 22 ms (migration velocity = 
0.05 cm/s).  Based on the dye concentration and migration velocity, the number 
of expected events was determined to be 27 over a 10 sec counting interval. 
Twenty five events were observed, giving a detection efficiency of ~92%. 
3.10. Conclusions 
 
I have demonstrated SMD of single DNA molecules labeled with the near-
IR staining dye, TOPRO-5. Careful adjustment of the staining dye concentration 
can improve detection efficiency when using these mono-intercalating dyes, 
which are present in the run buffer.  A 4-fold improvement in the sampling 
efficiency was achieved by reducing the channel width and applying 
electrokinetic focusing. I also demonstrated the ability to detect single 
chromophores in polymer microfluidic devices when excitation was performed in 
the near-IR. The detection efficiency for single NN382 dye molecules was 
estimated to be ~92%, a direct consequence of the low autofluorescence 
background generated from the microfluidic device when excitation occurred in 
the near-IR.  
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CHAPTER 4. APPROACHING REAL TIME MOLECULAR 
DIAGNOSTICS: SINGLE-PAIR FLUORESCENCE RESONANCE 
ENERGY TRANSFER  DETECTION FOR THE ANALYSIS OF LOW 
ABUNDANT POINT MUTATIONS IN K-RAS ONCOGENES 
4.1. Introduction 
 
Diseases such as cystic fibrosis, Alzheimer’s, sickle cell anemia and 
certain cancers are associated with changes in the sequence of particular gene 
fragments. These changes can serve as biomarkers and may be useful for 
medical diagnosis at early stages of the disease. Since the majority of mutations 
in genetic disorders are due to variations such as point mutations, insertions or 
deletions, it is required that diagnostic techniques being developed have the 
capability of distinguishing these changes in a mixed population, where in most 
cases the mutant allele is the minority. In addition, DNA diagnostic methods 
should be rapid, highly sensitive, cost-effective, and easy to perform.  
Current approaches used to detect single nucleotide variations (point 
mutations) include, homogenous methods such as the template directed dye 
terminator incorporation (TDI) assay, 1 the 5’-nuclease allele specific hybridization 
TaqMan assay, 2, 3 the allele specific molecular beacon assay 4 and ligase 
detection reaction (LDR). 5- 7 These assays utilize fluorescence resonance energy 
transfer (FRET) to distinguish normal from mutant DNA without requiring a 
separation step, typically incorporated in most heterogeneous assays. In general, 
these FRET-based methods require pre-amplification of genomic DNA via PCR.  
As illustrated in Figure 4.1, diagnostic assays involve extraction of genomic DNA 
from either tissue, blood or stool samples followed by PCR amplification of the 
gene fragment carrying the mutation. However, PCR has limitations that make it 
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difficult to quantitatively analyze and detect genetic variations due to 
nonlinearities in amplicon number with cycle number and reduced specificity. In 
addition, long optimization and set up times, long run and analyses times and the 
high level of inaccuracy and variation (due to cross-contamination) and the 
narrow dynamic range prohibits mutation screening assays incorporating PCR to 
perform quantitative measurements in real-time.  
  
Genomic DNA
Mutation Screening 
(5 min)
Product Detection
Readout
Normal LDR-spFRET
Assay Overview
Genomic DNA
PCR amplification
(120 min)
Mutation Screening
(90 min) 
Product Detection
(6 min)
Readout
 
Figure 4.1.  An overview illustrating steps used in a diagnostic assay. The 
normal assay illustrates a typical PCR/LDR using gel electrophoresis for 
detecting the presence of LDR products. Also shown is the processing steps 
associated with ligase detection reaction-single pair fluorescence resonance 
energy transfer (LDR-spFRET) assay, which can be performed in a microfluidic 
device to provide real-time molecular diagnostic information. 
 
Recently, alternative methods have been developed to directly analyze 
genomic DNA samples, which do not require PCR amplification. Lizardi and  co-
workers applied rolling circle amplification (RCA), a technique driven by DNA 
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polymerase to replicate circularizable probes with either linear or geometric 
hyper-branched kinetics under isothermal conditions. 8, 9 The DNA strand 
displacement that occurred during a 90 min amplification step generated more 
that 109 copies of each circle, allowing the detection of point mutations in human 
genomic DNA.  
In another report, Hall and co-workers used a serial invasive signal 
amplification reaction (SISAR), which generated 107 reporter molecules for each 
molecule of DNA in a 4 h reaction that could detect as few as 600 copies of 
methylene tetrahydrofolate reductase gene in a sample of human genomic 
DNA. 10 They applied this assay to discriminate single base differences in 20 ng 
(~6,000 copies) of human DNA. Like most heterogeneous assays, which require 
multiple preparative steps before detection, RCA and SISAR amplification require 
long processing times in order to obtain sufficient amount of template for 
detection of point mutations. 
 Another approach for detecting point mutations without amplification has 
been demonstrated using conductivity-based DNA detection. Park and coworkers 
reported an array-based electrical detection method in which conductivity 
changes associated with the binding of an oligonucleotide labeled with gold 
nanoparticles to a target oligonucleotide. 11 The target had a contiguous 
recognition sequence that is complementary to the captured strand on one end 
and on the other, oligonucleotides labeled with nanoparticles. The nanoparticles 
facilitate the deposition of silver to bridge the gap leading to a measurable 
conductivity change. The group applied this method in the detection of 500 fM 
target DNA with a point mutation selectivity factor of ~ 100,000:1.  Another 
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electrochemical detection scheme for identification of single nucleotide 
alterations was demonstrated by Huang. 12 Briefly, a sandwich DNA hybridization 
technique was applied with an enzyme linked immunosorbent assay where 
electrical current generated by the enzyme using appropriate substrates could be 
detected.  
Single molecule photon burst detection offers a unique opportunity to 
monitor the presence of unique sequences directly in genomic DNA without a 
PCR amplification step. In one such report, Castro and coworkers developed a 
method for the rapid, direct detection of specific nucleic acid sequences in 
biological samples. 13  In their approach, two peptide nucleic acid (PNA) probes 
complementary to different sites on a target DNA were used to detect these 
sequences in unamplified genomic DNA. The two fluorescently labeled PNA 
probes were hybridized to the sample and analyzed using a laser-based 
fluorescence system capable of detecting single fluorescent molecules at 
different wavelengths (Rhodamin-6G and Bodipy-TR channel) simultaneously in 
a flow cell.  Coincident signals in both channels indicated the presence of a 
target molecule while non-coincident signals indicated the absence of the target. 
 In another report, specific DNA sequences in a homogeneous assay were 
analyzed using labeled hairpin-shaped oligonucleotide probes (Smart-Probes) in 
combination with single molecule detection. 14  The smart probes consisted of a 
fluorescent probe (Oxazine dye JA242) attached at one end of the hairpin 
structure. Oxazine dye is efficiently quenched by complementary guanosine 
residues at the other end of the arm sequence of the hairpin. An increase in the 
fluorescence intensity was detected in the presence of a matched target 
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sequence due to the separation of the dye from the guanosine residues. In the 
absence of a complementary target sequence, no fluorescence emission from 
the dye was observed.   
 
LIGATION NO LIGATION
LDR-spFRET assay
Mutant template Wildtype template
rMB
A (Cy5.5)(Cy5) D
Target Target Primers NO FRETFRET
Ligation site
75 0C
DNA ligase DNA ligase
DETECTION 
match mismatch
 
Figure 4.2. Illustration of the LDR-spFRET assay in which two allele-specific 
primers are labeled at the 3’ and 5 ends with fluorescent probes. These primers 
flank a single base mutation point on the template. Each primer has a 
complementary arm sequence. Thermal stable DNA ligase enzyme covalently 
joins the two adjacent primers when perfectly matched to the template, forming 
molecular beacon that can undergo FRET. Conversely, the un-ligated primers do 
not show FRET. The detection temperature of the assay was maintained at 75 0C 
to melt the duplex formed between the target and the LDR primers. 
 
In this Chapter, I wish to report a rapid, potntially real-time mutation 
detection scheme capable of detecting low abundant point mutations directly 
from unamplified genomic DNA samples. The detection scheme is illustrated in 
Figure 1. A ligase-based point mutation detection assay that uses an allele-
specific discriminating primer and a common primer, each having a 10 base pair 
(bp) complementary arm with fluorescent labels at their 5’- and 3’-ends is used.  
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A perfect match between the base at the 3’-end of the discriminating primer and 
the target allows the ligase to covalently join the two adjacent primers flanking 
the mutation site. The LDR product then undergoes a conformational change to 
form a hairpin structure. A reverse molecular beacon (rMB) is formed by the 
complementary arm sequences of the ligated primers. Following ligation and 
denaturation of the duplex formed between the target DNA and ligated product, 
the rMB is formed because the stem is designed to have a higher thermal 
stability compared to the target/primer duplex and the dye-labels are brought into 
close proximity.  Fluorescence emission resulting from the single-pair FRET 
process can be detected in real-time using single molecule detection.   
Real-time spFRET measurements were performed in a poly(methylmetha-
crylate) (PMMA) microfluidic device to detect rMB formed in an LDR assay where 
point mutations in K-ras codon 12 (high association with colorectal cancer) were 
detected in unamplified genomic DNA samples. Also, we demonstrate the 
assay’s capability to rapidly detect single point mutations in genomic samples at 
a sensitivity of 1:1000 without PCR amplification. Analysis times < 5 min were 
achieved using real-time LDR-spFRET detection in the microfluidic device with 
only a single thermal cycle for the LDR. 
4.2. Colorectal Cancer 
 
Colorectal cancer has been used as an excellent model system for 
mutation detection since genetic variations associated with the cancer involve 
progressive alterations in APC, hMSH2, hMLH1, K-ras, DCC and P53 genes. 
Point mutations in the K-ras gene are found in 35-50% of colorectal adenomas 
and cancers and they also occur early in the development of colorectal 
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neoplasm. Most of these mutations are localized on codon 12, and to a lesser 
extent at codons 13 and 61. 15- 17 K-ras mutations are preserved throughout the 
cancer development and can serve as excellent biomarkers for diagnostic 
testing. However, in the early stages of tumor progression, cells that contain 
somatic mutations represent a small fraction compared to the normal cells, which 
makes their detection difficult. Therefore, highly sensitive assays have to be 
developed in order to improve the efficiency in the diagnosis. 
 Direct sequencing has been applied for detection of K-ras mutations in 
primary tumors, although it is limited due to its low sensitivity. 18 In addition, allele-
specific oligonucleotide hybridization or restriction digestion can also be applied. 
Highly sensitive techniques, such as phage cloning or allele-specific PCR, have 
also been used to detect K-ras mutations in stool or lymph nodes of cancer 
patients at early stages. 19 Since some of the techniques developed are not able 
to detect the full spectrum of K-ras mutations, new screening detection strategies 
are being developed to overcome this limitation. 
4.3. Ligase Detection Reaction (LDR) for Colorectal Cancer 
 
LDR relies on a ligase chain reaction (LCR) that was first developed by 
Barany in 1991 where, thermostable DNA ligase enzyme was used to 
discriminate between normal and mutant DNA and amplify the allele specific 
product. 5 A number of groups have applied this technique in various biological 
assays. 18, 20 A mismatch at the 3’ end of the discriminating primer prevents the 
DNA ligase from joining the two fragments together (see Figure 4.3).  Using only 
one pair of primers in a reaction results in a linear amplification called the ligase 
detection reaction (LDR). 
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Figure 4.3. Ligase detection reaction scheme of a matched and unmatched 
template. 
 
The high fidelity of LDR to distinguish matched target in a large population 
of mismatches relies on the ability of the thermostable ligase enzyme to rapidly 
dissociate from the target containing a mismatch. 20 As a result, LDR has 
demonstrated a high level of specificity that is very suitable for mutation 
screening and detection of low abundant mutaions. Ligation as a mechanism has 
the potential of genotyping single nucleotide polymorphisms (SNPs) directly on 
genomic samples (no PCR amplification). This has been demonstrated using 
ligase chain reaction7 or by using ligation probes that are first circularized by 
DNA ligase then amplified via rolling circle amplification (RCA).8 In this chapter 
we report of a novel FRET based technique that is coupled with LDR to detect 
low abundant point mutations in genomic samples at the single molecule level.  
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Figure 4.4. DNA ligase catalyses reactions showing a covalent linkage of one 
DNA strand with a free 3’-hydroxyl group (OH) to another with a free 5’-
phosphate group (P). Nicotinamide adenine dinucleotide (NAD+) to adenosine 
monophosphate (AMP) and nicotinimide mononucleotide (NMN). 
 
4.4. DNA Ligase Reaction Mechanism 
 
DNA ligase enzyme catalyses the formation of a phosphodiester bond 
between the 3’-hydroxyl group at the end of one DNA chain (primer) and the 5’-
phosphate group at the end of the other primer.21 NAD+ is the energy source 
required to drive this thermodynamic reaction. The mechanism of this reaction 
involves three discrete and reversible steps in forming a phosphodiester link 
between two stands resulting in the loss of adenosine monophosphate (AMP) 
and nicotinimide monophosphate (NMN), as shown in Figure 4.4. First, a 
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covalently adenylated enzyme intermediate is formed, followed by a transfer of 
the adenylated moiety from the enzyme to the 5’-terminal phosphate on the 
primer 1.  Finally, a nucleophilic attack by the 3’-OH terminus of the second 
primer 2, results in the formation of a phosphodiester bond on the activated 5’-
phosphorylated end of primer 1.  
 
 
Figure 4.5.  Modified Jablonski diagram showing the transfer of energy between 
a donor and an acceptor dye molecules. The bold arrow represents deactivation 
processes that involve emission of light whereas radiationless processes are 
indicated using dotted arrows. 
 
4.5. Fluorescence Resonance Energy Transfer (FRET) Detection 
 
 FRET is a non-radiative process that shifts energy from a donor (D) 
molecule to an acceptor (A) or quencher, returning the donor molecule to its 
ground state (S0) without emission of light. This transfer occurs through a dipole-
dipole interaction.  Figure 4.5 shows energy transfer between different electronic 
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states of the donor and acceptor molecule. Generally, molecules reside in the 
lowest or ground state (S0) and when a molecule is excited to a higher energy 
level by light absorption or a chemical reaction, it has the ability to release its 
energy acquired in the form of light, heat or may be transferred directly to another 
molecule that is in close proximity (via intersystem crossing) which in turn will   
release the energy in the form of light. Therefore an excited molecule may 
undergo several mechanisms for releasing its captured energy by; 
1. Internal conversion  
? When molecules are excited into higher electronic states (S2) they 
are rapidly de-excited to the lowest excited energy state (S1) 
through the process of internal conversion (IC) and generally 
occurs in 10-12 sec. Fluorescence lifetimes are typically four orders 
of magnitude slower than IC giving the molecules sufficient time to 
reach a thermally equilibrated lowest energy state before fluoresce-
ence emission can occur.  
2. Intersystem conversion 
? When excited molecules undergo a spin conversion into a 
“forbidden” triplet state (T1) instead of the lowest singlet excited 
state, the process is termed intersystem crossing. Phospho-
rescence is the emission process that occurs when the excited 
molecules in the triplet state T1 are de-excited to the ground state.  
3. Light emission 
? Luminescence is the emission of a photon from an electronically 
excited state. Generally, there are two main types of light emitting 
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processes that can occur, namely fluorescence or 
phosphorescence. As illustrated in Figure 4.5, emission occurring 
from lowest electronically excited singlet state, S1 is termed as 
fluorescence whereas, phosphorescence is the emission occurring 
from the lowest electronically excited triplet state T1. Although not 
indicated in Figure 4.5, a number of other processes can influence 
fluorescence emission. Some of these processes include solvent 
relaxation, quenching, solvent effects and other excited state 
reactions.  
4. FRET 
? This is a non-radiative process that involves the transfer of excited 
state energy from a donor to an acceptor having a dipole-dipole 
interaction. The rate of energy transfer depends on several factors 
such as, the relative orientation of the donor and acceptor dipole 
moments, extent of overlap of the emission spectrum of the donor 
with the absorption spectrum of the acceptor, and the distance 
between the two fluorescent dyes.   
4.5.1. Theory of FRET 
 
 Consider a system having a single donor and acceptor separated by a 
distance r, the rate of transfer KT is given by,22 
( ) ( ) ( ) ( )1.4
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where Q is the quantum yield of the donor in the absence of the acceptor, n is 
the refractive index of the medium (typically 1.4), N is the Avogadro’s number,  
is the lifetime of the donor in the absence of acceptor. The emissive rate of the 
donor is given by 
d
dτ
(
d
d
d τ
φλ = ) and k2 is the orientation factor that is assumed to be 
3
2  provided that both probes can undergo unrestricted isotropic motion. The 
overlap integral  expresses the extent of spectral overlap between the donor 
emission and the acceptor absorption, and is given by; 
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where (λ) is the extinction coefficient of acceptor at (λ),F (λ) is the corrected 
fluorescence intensity of donor at (λ) with the total intensity normalized to unity. 
The constant terms in Equation 4.2 can be expressed in terms of the Förster 
distance R
aε d
o, at which the rate of energy transfer, KT is equal to the decay of the 
donor in the absence of the acceptor ( )1−dτ . Therefore, from Equation 4.2 and KT 
= ; 1−dτ
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Based on the definition of KT from Equation 4.1 and Equation 4.4, the rate of 
energy transfer can be given as, 
( )5.41 60 

=
r
R
K
d
T τ  
where,  
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The fraction of the photons absorbed by the donor that can be transferred to the 
acceptor can be measured in order to determine the efficiency of energy transfer 
(E). This fraction is given by;  
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From Equation 4.7, it can be shown that the transfer efficiency is highly 
dependent on the donor–acceptor distance (r). For example, if  the transfer 
efficiency is 50 % and if , the transfer efficiency is equal to 1.6 %. 
0Rr =
02Rr =
It is important to note that in the above derivation, it was assumed that the 
donor–acceptor pair is separated by a fixed distance. This is not ideally true 
when working with samples in solution, since the distance between the two pairs 
in solution changes. Therefore more complex expressions are required that 
average the transfer rate over the assumed spatial distribution of D-A pairs. 23  
4.5.2. FRET Conditions 
 
As discussed in the theory section, there are some conditions that have to 
be met in order to apply FRET as a detection technique. A primary requirement 
for an efficient FRET system is that the energy released from the donor should 
be equivalent to that required for excitation of the acceptor molecule. Therefore, 
the absorption spectrum of the acceptor should overlap the emission spectrum of 
the donor molecule. Secondly, since FRET is a distance-dependent process, the 
donor and acceptor molecules must be in close proximity (typically 20-80 Å). 
Thirdly, the dipole orientation must be approximately parallel.24 Lastly, the types 
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of donor/acceptor pairs used are very important. In general, donors and 
acceptors are different dyes with unique spectral properties. Both fluorescent and 
non-fluorescent (quenchers) molecules can be used as acceptors. In the case 
where both probes are fluorescent dyes, fluorescence from the donor is 
quenched while that of the acceptor enhanced when the two probes are placed in 
close proximity. However, when the acceptor is a non-fluorescent probe, donor 
fluorescence is diminished/eliminated when in close proximity to the acceptor, 
but recovered when the two moieties are far apart. 
4.5.3 Applications of FRET  
 
Changes in fluorescence intensity induced by a quencher (acceptor) to the 
donor have been applied extensively in biology to monitor distance relationships 
between labeled macromolecules.25,26 Oligonucleotides having a DNA backbone 
are convenient moieties for preparation of FRET-based probes because their 
structural properties are well know. However, there are still some factors such as 
DNA topology,27 temperature,28 base composition and the number of fluorescent 
probes,29 that can affect the transfer efficiency in the DNA construct.  
DNA–based FRET can be applied in vitro or in vivo in many applications. 
These applications are used in monitoring various types of DNA and RNA 
reactions, such as PCR, hybridization, ligation, cleavage, recombination and 
synthesis. They can also be employed in sequencing and mutation detection. In 
this report, we will demonstrate DNA-based FRET applied as a mutation 
discrimination technique. As indicated earlier, there are many techniques that 
have been developed to detect genetic variation in the human genome. Some of 
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the commonly used mutation detection techniques that have utilized FRET 
include; 
1. TaqMan assay: This protocol uses short oligonucleotides each labeled with a 
fluorescent donor and acceptor pair that undergoes FRET in their intact state.  
The probe is designed to hybridize to a sequence being amplified in a PCR 
reaction using Taq polymerase. During the elongation extension cycle, the   
5’-exonuclease activity of the Taq polymerase digest the hybridized TaqMan 
probe resulting in decreased FRET. 2, 3 
2. Template –directed dye-terminator incorporation (TDI): This technique utilizes 
a single linear primer that is 5’-labeled with a fluorescent probe to hybridize to 
a given sequence.  After that, a primer extension is performed using DNA 
polymerase and an acceptor-labeled nucleotide terminator analog 
corresponding to the mutation base. FRET results only if the analog is 
incorporated at the 3’-end of the primer indicating a perfect match with the 
mutation site. 1 
3. Dye labeled oligonucleotide ligation (DOL): The technique relies on the 
extreme sensitivity of DNA ligase to mismatches. Two oligonucleotides are 
used, one fluorescently-labeled with a donor while the other with an acceptor. 
The probes are designed to hybridize adjacently to a contiguous DNA target 
sequence. In the case where there is a perfect match, DNA ligase covalently 
links the two oligonucleotides together resulting in FRET. In contrast, a 
mismatch at the 3’-end of the ligation site would result in failure of the ligase 
to join the labeled oligonucleotides, thus preventing FRET. 6 
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4. Molecular beacons (MB): In this approach, oligonucleotide hybridization 
probes have a complementary DNA sequence flanking the target-specific 
sequence (DNA hairpin-loop) that are end-labeled with a fluorescent donor 
and quencher. In the absence of a complementary target molecule, they 
assume a stem-and loop structure, bringing the donor and quencher in close 
proximity, thereby extinguishing the donor fluorescence.  Conversely, in the 
presence of a complementary sequence the two dyes are separated and 
fluorescence increases by up to 900-fold. 4    
A novel DNA based–FRET technique that takes advantage of the specificity 
of dye labeled oligonucleotide ligation (DOL) and the sensitivity of molecular 
beacon technology to detect point mutations in genomic samples at the single 
molecule level is reported. This method is fast, simple, highly sensitive and has 
the capability of performing molecular diagnostics in real-time. In this technique, 
rMB technology is applied; whereby enhanced-FRET is observed as the stem-
loop (DNA hairpin) structure is formed. The rMB is formed when two primers, 
each end-labeled with fluorescent probes, are covalently joined in a ligation 
assay having perfectly matched sequence of the target. In cases where we have 
a mismatched base pair at the 3’and 5’-junctions no rMB is formed, thus no 
FRET is observed. 
4.6. Molecular Beacon Technology 
 
Conventional molecular beacons are single stranded hybridization probes 
that form a stem-loop structure and possess an internally quenched fluoro-
phore.30 The loop portion of the molecule is a probe sequence complementary to 
a known sequence in a target molecule. Hybridization of the two complementary 
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arms that flank the probe sequence forms the stem as shown in Figure 4.6. A 
fluorescent molecule is covalently linked to one end of one arm and a non-
fluorescent molecule to the other end of the complementary arm. Hybridization of 
the arms results in the two molecule being close in proximity, causing the 
fluorescence from the fluorophore to be quenched through energy transfer. The 
hybrid formed by the loop sequence is longer, and more stable than that formed 
by the arm sequence. 
 
Figure 4.6. Illustrations of three models (conventional molecular beacon4, 
modified molecular beacon31 and reverse molecular beacon formed by DOL) that 
have been used in the development of molecular beacons.  
 
Alternatively, modified molecular beacons with two fluorescent probes 
instead of one fluorophore and a quencher have been developed.31 Two different 
fluorophores are attached to the ends of the stem such that FRET occurs when 
the stem-loop structure is formed. Hence, the donor fluorescence intensity is 
diminished or disappears while the acceptor fluorescence intensity is enhanced. 
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When the molecular beacon forms a hybrid with the target sequence, FRET is 
minimized or eliminated and the fluorescence intensity of the donor will reappear 
while that of the acceptor will diminish or disappear. Therefore, changes in the 
fluorescence intensity of the two dyes can be monitored instead of only one as in 
the conventional molecular beacon approach. These types of ratiometric 
measurements have shown to be very sensitive to concentration of the DNA 
template. 
In this report, reverse-molecular beacon strategy is employed. The 
technology applies a modified dye-labeled oligonucleotide ligation (DOL) 
technique to identify point mutations within a known sequence of a gene. The 
ligated product would dissociate from the target molecule at the appropriate 
conditions to form a reverse-molecular beacon shown in Figure 4.6. The 
spontaneous conformational change that occurs brings the two fluorophores in 
close proximity, hence allowing energy transfer to take place. If there is no 
ligation, reverse-MBs are not formed and therefore, no FRET is observed from 
the single labeled primers.  
In studies by Bonnet and group, they revealed that in the presence of a 
DNA template, molecular beacons can exist in three different states namely, 
bond to the target, free in the form of a hairpin structure and free in a random 
coil.32 This is illustrated in the Figure 4.7. At low temperatures, the probe-target 
(MBT) duplex forms spontaneously in the case where the hairpin stem is less 
stable than the probe and hence the MB is open. As the temperature is 
increased, MBT transitions from Phase I to Phase II where destabilization of the 
probe-target duplex takes place releasing the molecular beacon (MB) that in turn 
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forms the closed hairpin structure. Further increases in temperature would drive 
the closed MB to Phase III, where the closed structure is disrupted to form a 
random coil. By designing reverse-MBs that were more stable than the probe-
target duplex arms, we were able to minimize Phase I during detection, thus 
maximizing Phase II constructs during SMD using appropriate temperatures. 
 
 
Figure 4.7. Structural phase transitions in solution of a molecular beacon having 
two fluorescent probes, donor and acceptor in the presence of a complementary 
template. 
 
Based on these studies, the proper designing of molecular beacons to be 
used in my specific application required careful deliberations that would enable 
one to develop an efficient FRET system for detection. In order to successfully 
monitor LDR products, primers should be designed so that when ligated, the 
duplex dissociates to form a more stable DNA hairpin structure. For the MB to 
remain closed in the presence of target sequence, the length, sequence and the 
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GC content of the stem should be chosen such that the melting temperature of 
the stem is higher than the melting temperature of the duplex formed in an LDR. 
A MB having a 10 bp stem with 90% GC content was specifically designed with 
the Tm of the stem being 84 0C. This melting temperature was ~10 0C higher than 
the duplex melting temperature. Studies have revealed that the presence of 
divalent cations, such as magnesium, have a powerful stabilizing effect on the 
stem hybrid.30 Therefore, MBs formed via LDR would be thermodynamically 
stable due to the magnesium ions (10 mM) present in the reaction mixture.  
4.6.1 Design of Molecular Beacons 
 
 Most of the conventional molecular beacons are designed to monitor PCR 
reactions4,33 or hybridization assays.30 They are designed in such a way that they 
hybridize to the target during the extension cycle in a PCR reaction and remain 
closed (non fluorescent) when no target is present. In order to accomplish this, 
proper selection of the length of the probe and the arm sequence that fit a 
particular application must be made. Melting temperatures of the probe-target 
hybrid or the ligated primer-target hybrid can be predicted using the “percent G-
C” rule available in most design software packages, such as Oligo 4.0 (IDT DNA 
technologies) and Oligo 6.0 (Molecular Biology Insights Inc). Once the probe 
sequence is selected, two complementary arms are added to the probe 
sequence. The melting temperatures of the stems (formed through hybridization 
of the complementary arms) was predicted using Zucker DNA folding program,  
(http://www.bioinfo.rpi.edu/applications/mfold/old/dna/form1.cgi) which utilizes 
free energy of formation of the stem to predict the melting temperature. 
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  For example, G-C rich stems of 5 bases will melt between 55 and 60 0C, 
6 bp will have a Tm between, 60- 65 0C, and 7 bp will have a Tm between, 65- 70 
0C, while 8 bp will have a Tm between, 70- 80 0C. In addition, divalent cations, 
such as magnesium have a powerful destabilizing influence on the stem when 
present in solution. Considering all the factors mentioned above, it was important 
for the ligated products that we generated during the reaction to have the 
intended hairpin conformation rather than alternate conformations that may result 
in a sub-population that do not place the two fluorophores in close proximity. 
4.7. Experimental Section 
 
4.7.1. Genomic DNA Extraction from Cell Lines  
 
Genomic DNA was extracted from cell lines of known K-ras genotype 
(HT29, wildtype; LS180, G12D (mutant)). 18 The cell lines were grown in RPMI 
culture media with 10 % fetal bovin  serum.  Harvested cells (~1 x 107) were 
resuspended in DNA extraction buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 
mM EDTA, pH 8.0) containing 0.5% SDS and 200 µg/mL proteinase K and 
incubated at 37 0C for 4 h.  Thirty-percent (v/v) of 6 M NaCl was added to the 
mixture and the samples centrifuged.  DNA was precipitated from the 
supernatant with 3 volumes of EtOH, washed with 70% EtOH and resuspended 
in TE buffer (10 mM Tris-HCl, pH 7.2, 2 mM EDTA, pH 8.0). 
4.7.2. PCR Amplification of Genomic DNA   
 
PCR amplifications were carried out in 50 µL of 10 mM Tris-HCl buffer (pH 
8.3) containing 10 mM KCl, 4.0 mM MgCl2, 250 µM dNTPs, 1 µM forward and 
reverse primers (50 pmol of each primer), and between 1 and 50 ng of genomic 
DNA extracted from the cell lines.  The primers used were:  Ex.1.3 forward = 5’ 
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AAC CTT ATG TGT GAC ATG TTC TAA TAT AGT CAC 3’; Ex.1.4 reverse = 5’ 
AAA ATG GTC AGA GAA ACC TTT ATC TGT ATC 3’; Ex.2.9 forward = 5’ TCA 
GGA TTC CTA CAG GAA GCA AGT AGT 3’ and Ex.2.11 reverse = 5’ ATA CAC 
AAA GAA AGC CCT CCC CA 3’.  After a 2 min denaturation step, 1.5 units of 
Amplitaq DNA polymerase (Perkin Elmer, Norwalk, CT) was added under hot 
start conditions and amplification achieved by thermal cycling for 35-40 cycles at 
95 0C for 30 s, 60 0C for 30 s, 72 0C for 1 min and a final extension at 72 0C for 3 
min.  PCR products were stored at –20 0C until required for the LDR assays. 
4.7.3. Microfluidic Devices   
 
spFRET was performed in a microfluidic device fabricated using a 
photolithographic procedure described elsewhere.34 Briefly, microstructures were 
fabricated using LIGA (German acronym for lithography, electroplating and 
molding) processing. A thin layer of PMMA was glued onto a stainless steel 
metal plate and exposed to X-rays through an X-ray mask to form the desired 
patterns. The exposed PMMA resist was removed using GG developer (20% 
tetrahydo-1-4 oxazine, 5% 2-amino-ethanol-1, 60% 2-(2-butoxyehoxy) ethanol 
and 15% de-ionized water) and GG rinse (80% 2-(2-butoxyehoxy) ethanol and 
20% de-ionized water). After mechanically polishing the microstructures to the 
appropriate height, nickel was electroplated into the PMMA voids on the stainless 
steel from a Ni-sulfamate bath, then planarized and lapped.  
The mold inset fabricated as described above was mounted along with a 
PMMA substrate into an embossing machine. The mold insert and the substrate 
were heated above the PMMA’s glass transition temperature, Tg (107 0C), and 
pressed together using a controlled force (several kilonewtons) for 4 min and 
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gradually cooled to a temperature below its Tg. The mold insert and substrate 
were then demolded, leaving the desired features in the PMMA polymer. A thin 
film of PMMA was used as a cover plate for the fabricated channel. The device 
was assembled by clamping a molded PMMA substrate and the cover plate 
between two glass plates and thermally annealing for 12 min at 107 0C and 
cooling to room temperature in a GC oven. Microdevices were fabricated in a “T” 
configuration and had channel sizes of 50 µm wide and 100 µm deep (see Figure 
4.8 for device layout)  
4.7.4. Ligation Primer and DNA Hairpins  
 
The DNA hairpins and LDR primers were synthesized by IDT (Integrated 
DNA technologies, Coralville, IA) using phosphoramidite chemistry on a 
commercial nucleic acid synthesizer (Model ABI394) and RP-HPLC purified. 
Allele-specific ligation primers for identifying point mutations in codon 12 were 
designed based on the known sequence of the K-ras gene. A discriminating 
primer, 5’-Cy5-GCGGCGCAGCAAAACTTGTGGTAGTTGGAGCTGA-3’ was 
designed to have a 10-bp stem sequence(underlined) that was end labeled with 
Cy5 (donor) at its 5’-end and a discriminating base at its 3’-end. A common 
primer, 5’-pTGGCGTAGGCAAGAGTGCCCGCTGCGCCGC-Cy55-3’ was 
fluorescently labeled with Cy5.5 (acceptor) at its 3’-end of a 10-bp arm sequence 
and phosphorylated at its 5’-end. The arm sequences in the primers were 
complementary to each other, but not to the target.  
Hairpin models were designed and evaluated with the help of DNA folding 
software based on the work of the Zucker laboratory.35 In the modeling studies, 
we adopted a strategy reported earlier by Zhang, where molecular beacons with 
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two fluorophores instead of one and a quencher were used.31 A DNA hairpin 
containing a 44-bp loop sequence flanked by a 10-bp arm sequence, 5’-Cy5-GC 
GGCGCAGCAAAACTTGTGGTAGTTGGAGCTGATGGCGTAGGCAAGAGTGC
CCGCTGCGCCGC-Cy5.5-3’ was synthesized by IDT. The underlined sequence 
represents the complementary arms of the DNA hairpin. The length and the 
sequence of the probe were chosen to match that of the two ligated primers 
specific for the point mutation in the K-ras gene. The Tm of the arm was designed 
to be higher than that of the duplex formed between the hairpin-loop and the 
target DNA. 
4.7.5. Ligation Protocol   
 
LDR reactions were carried out in a 20 µL reaction volume containing 0.25 
U thermostable DNA ligase (AmpligaseTM, Epicenter Technologies, Madison, 
WI), 20 mM Tris-HCl (pH 8.3), 25 mM KCl, 10 mM MgCl2, 0.5 mM NAD+, 0.01 % 
Triton X-100, 10 pM of LDR primers and a mixture of genomic DNA. Genomic 
DNA was denatured by heating the reaction mixtures at 94 0C prior to adding the 
ligase enzyme. Thermal cycling was performed in a Genetech thermocycler 
(Princeton, NJ, USA) for 1-40 cycles using 1 min at 94 0C, and 4 min at 65 0C. 
The reaction was stopped by cooling rapidly to 4 0C and adding 0.5 µL of 0.5 mM 
EDTA. For real-time analysis, LDR reagents were mixed with genomic DNA and 
loaded into a sample well of the microfluidic device. Thermal denaturation was 
performed at 94 0C using kapton heaters attached directly to the microfluidic 
device followed by an annealing/ligation step at 65 0C for 4 min. 
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Figure 4.8. The NIR-fluorescence detection system consisted of a diode laser (λ 
= 635 nm) that was directed into a microscope objective using a dichroic and 
focused into the center of the fluidic channel approximately ~1.5 cm from the 
cross. Fluorescence was collected by this same objective and imaged onto an 
aperture, through a set of FRET filters and finally processed using a single 
photon avalanche diode. A heater was attached at the bottom of the cover plate 
of the microfluidic device to regulate the temperature during detection and also to 
perform the LDR. 
 
4.7.6. Instrumentation  
 
Single-pair FRET measurements were accomplished using a confocal 
fluorescence system shown in Figure 4.8. The excitation source consisted of a 
visible collimated diode laser (635 nm, 56DIB142/P1, Melles Griot, Boulder, CO). 
The laser was directed onto a focusing objective using a dichroic mirror 
(690DRLP, Omega Optical, Brattleboro, VT). The objective was a 60X, 0.85 NA, 
microscope objective that was used to focus the laser to a ~5 µm spot (1/e2) into 
the microchannel resulting in a detection volume of ~1.5 pL. The fluorescence 
was collected by this same objective and transmitted through a set of FRET 
filters specific for Cy5.5. The dichroic transmitted the fluorescence, which was 
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further filtered using a set of filter consisting of a 690 nm longpass and bandpass 
filters (710DF10, Omega Optical, Inc, Brattleboro, VT). The light was then 
passed through a 100 µm diameter aperture and focused onto the active area of 
an avalanche photodiode (SPCM-AQ-141, EG&G, Vandreuil, Canada) using a 
20X objective. Transistor- transistor logic (TTL) pulses from the photodiode were 
counted by a PC-plug in board (PC100D, Advanced Research Instruments, 
Boulder, CO), stored and subsequently analyzed by a Pentium PC computer.  
4.7.7. Electrokinetic Pumping  
 
LDR samples from the conventional thermocycler were diluted into equal 
amounts of ddH2O before loading into the microfluidic device. Dilution was 
carried out so as to minimize high currents generated during electrophoretic 
pumping due to the high salt concentration in the reaction buffer. Electrokinetic 
pumping was carried out by applying 375 V/cm along the channel marked C-D in 
Figure 4.8. The diluted LDR sample was placed in reservoir “D” and TBE buffer 
(pH 8.0) into reservoir “C”. For single molecule experiments where rare events in 
heterogeneous populations were to be counted, sampling efficiency is a critical 
parameter that must be considered. Electrokinetic focusing has previously been 
used to improve sampling efficiency in SMD studies on microfluidic devices.36  In 
our experiments, electrokinetic focusing was accomplished by applying focusing 
voltages to reservoirs A and B on the microfluidic device so as to confine the 
samples (reverse MBs) within a narrow stream (~ 15 µm width) at a detection 
point located ~ 50 µm from the tee-junction. The focusing voltages were 
generated by applying -200 V at both reservoirs. The resulting sampling 
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efficiency was estimated to be 33 % compared to a sampling efficiency of only 10 
% for unfocused flows.  
4.7.8. Data Analysis  
 
Photon bursts from individual single molecule were processed through the 
observation of a non-random feature in the autocorrelation functions.37,38 The 
autocorrelation was computed over the entire data set, which consisted of 50-s 
total accumulation time with each data point representing 2 ms (total number of 
points = 25,000). The visibility of photon bursts from single molecules was 
enhanced using a weighted summing quadratic (WQS) filter described elsewhere 
(see Chapter 3). The raw data are squared and processed with the WQS 
algorithm (Equation 3.13).  
In most SMD applications, a molecular detection threshold is used to 
distinguish single molecules fluorescence bursts from random fluctuations in the 
background. The optimal molecular detection threshold maximizes detection 
efficiency and at the same time minimizes false positives. The threshold value 
was determined by evaluating data from the control samples (wild-type only 
DNA) and selected to produces average false positive rate of 0 s-1.   
   Histograms of fluorescence burst distributions for the single reverse MBs 
were accumulated using the WQS filtered data set. These histograms were 
constructed by increasing the thresholds value in fixed increments and counting 
the number of peaks exceeding that particular threshold level. Peaks were 
counted only once in the analysis. 
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 4.8. Results and Discussion 
 
4.8.1. DNA Hairpin Studies  
 
Molecular beacons are designed as hairpin-shaped oligonucleotides with 
a stem formed by complementary bases. Conventional molecular beacon’s loop 
fragment is designed to hybridize with a target resulting in a thermodynamically 
more stable hybrid with the target compared to the stem hybrid.30 Since the stem 
configuration is disrupted, quenching of the fluorescent probes is disrupted and 
donor fluorescence appears. In my approach, rMBs were designed in that the 
thermal stability of the stem was greater than that of the duplex formed between 
the target and loop. This was achieved by adopting suitable conditions of 
concentration, ionic strength, temperature and stem sequence with high GC 
content.39,40 The melting temperatures of the stems were predicted using a DNA 
Zucker folding program. 
Figure 4.9 shows computed secondary structures of a 64 bp MB (see 
experimental section for sequence) folded at 65 0C, 25 mM NaCl and 10 mM 
MgCl. The Tm of the 10 bp stem was determined to be 82.2 0C. The dot plots on 
the right of each structure shows optimal folding that resulted from base pairing 
between the ith and jth base (a dot in row i and column j represents a base pair). 
Colored, smaller dots represent the superposition of all possible suboptimal 
folding that may occur within p% of the minimum free energy, where p is the 
maximum percent deviation from the minimum free energy. At a folding 
temperature of 65 0C (see Figure 4.9) only one structure is obtained. When the 
folding temperature was lowered to room temperature, the same MB sequence  
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 Figure 4.9 A computed secondary structure and its energy dot plot generated 
from a 64 bp oligonucleotide consisting of a complementary arm sequence (10 
bp) and loop sequence (44 bp). The folding temperature was performed at 65 0C 
using Zucker DNA folding program. The black dots on the energy dot plot 
represent optimal folding within the structure, while red and blue dots on the 
structure represent the Watson Crick base pairing. 
  
generated multiple structures including the one shown in Figure 4.10 with a stem 
melting temperature of 64.3 0C. At lower temperatures, nonspecific binding may 
occur within the probe sequence forming alternate structures with multiple loops 
or dimeric complexes. The alternate conformations result in sub-populations with 
potentially lower energy transfer efficiencies between the two fluorescent probes. 
In this assay, the detection temperature was set to be > 65 0C so that non-
specific binding resulting in FRET-diminishing configurations was minimized and 
as a result, only one stable reverse MB (rMB) structure shown in Figure 4.9 was 
the predominate form.  
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Figure 4.10. A computed secondary structure and its energy dot plot generated 
from a 64 bp oligonucleotide consisting of a complementary arm sequence (10 
bp) and loop sequence (44 bp). The folding temperature was performed at 25 0C 
using Zucker DNA folding program. The black dots on the energy dot plot 
represent optimal folding within the structure, while red and blue dots on the 
structure represent the Watson Crick base pairing. 
 
The design of the rMB was also based on earlier studies, where 
thermodynamic behaviors of partially self-complementary DNA molecules were 
studied.40,41 According to these studies, it was observed that in aqueous solution 
at low concentrations, oligonucleotide molecules having a probe sequence 
flanked by two complementary arms may exist in equilibrium between two 
structured conformations; the dimeric duplex or monomeric hairpin. On 
increasing the temperature, the equilibrium shifted towards the hairpin 
conformation. In addition, these authors showed that the melting of hairpins is a 
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monomolecular process, since it is independent of the concentration, while 
duplex melting was a bimolecular process that was concentration dependent. 
Generally, single molecule experiments require the probability single molecule 
occupancy within the detection volume of a single molecule be significantly 
smaller than unity to lower the probability of double occupancy. This can be 
achieved by diluting the samples to low concentrations and as such, the stability 
of the hairpin conformation over the duplex would be favored. Moreover, 
denaturation enthalpy changes for hairpin and duplexes have shown that the 
presence of the loop stabilizes the hairpins with respect to the stem “only” 
duplex.36 This phenomenon is attributed to stacking between the bases in the 
loop and the stem. Since the working concentrations were low(< 1 pM), it was 
expected that the Tm of the duplex formed from the single primer species in the 
LDR assay can be low and can be disrupted by increasing the detection 
temperature. This would lower or eliminate the high background due to 
nonspecific hybridization of the primers. In order to determine if the LDR products 
possessed the proper characteristics for efficient FRET, molecular beacons with 
varying lengths of stem and carbon linkers, but with a loop sequence similar to 
that of two LDR primers used for detecting the K-ras 12 mutation were 
synthesized. Each beacon was labeled with a donor and acceptor probe at its 
5’and 3’-ends.  
FRET depends on the inverse sixth power of the distance between the two 
probes (r-6), with the efficiency (E) of energy transfer expressed as; 
( ) ( ) ( )8.41660 60 ddaFFrRRE −== +  
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where Fda is the fluorescence intensity of donor in the presence of acceptor, Fd is 
the intensity in the absence of acceptor, r is the distance between the donor and 
the acceptor. R0 is known as Förster radius and is the distance at which 50 % of 
the donor’s energy is transferred. Therefore, the efficiency of the transfer rapidly 
approaches to zero at distances larger than the Förster radius. Due to the large 
spectral overlap (~86 %) between Cy5 and Cy5.5 producing an exceptionally 
high R0 value (63.3Å), flexibility in the choice of linker structures attaching the 
dyes to the MB could be used. The normalized absorption and emission spectra 
of the two dyes are shown Figure 4.11A.  
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Figure 4.11. (A) Absorption (♦) and emission (◊) spectra of 200 nM, Cy5 and 
Cy5.5 in Tris-HCl, pH 7.6 buffer (B) the emission spectra of Cy5 (∆), Cy5.5 (ο) 
labeled primers and 200 nM, Molecular beacon (♦) labeled with both 
fluorophores in Tris-HCl buffer, pH 7.6, at 70 0C. The samples were excited at 
625 nm using a Mercury-arc lamp. 
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The emission spectra of singly labeled Cy5 and Cy5.5 primers and a MB 
having 10 bp arms end-labeled with both dyes are shown in Figure 4.11B. As can 
be seen, excitation at 635 nm does produce some  direct excitation from Cy5.5 
(20%). Direct excitation of Cy5.5 may produce false positives in the assay, since 
this signal would not depend on a successful ligation. However, single molecule 
detection experiments performed directly on singly labeled Cy5 and Cy5.5 
primers indicated no detectable events indicative of direct excitation of the 
acceptor probe or leakage from the Cy5 fluorescence into the analyzing channel.  
 
 
 
Figure 4.12. Temperature studies showing energy transfer of 200 nM, 64 bp MB 
having a 10 bp stem in the presence (ο) and absence (■) of a 44-bp template 
(complementary to the loop sequence), and 7 M urea (♦) in 2X SSPE buffer, pH 
7.5. The energy transfer efficiency between Cy5 and Cy5.5 on the MB were 
determined using Equation 4.8, where  MBs labeled with only one probe at the 
5’-end were used to determine Fa. The samples were excited at  625 nm. 
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In order to determine the stability of the MB, thermal and chemical studies 
were carried out in a 2X SSPE buffer (pH 7.5). The melting profiles of the MB in 
Figure 4.12 indicate that at low temperature, the transfer efficiency, E, between 
the two fluorescent molecules of the MB in the presence of complementary 
template were lower than MBs in its absence. Low E at lower temperatures were  
due to effective competition between hybrids formed between the stem of the MB 
and the duplexed DNA. However, increasing the temperature favors the hairpin 
with a concomitant increase in FRET efficiency (~0.8) due to its increased 
thermodynamic stability. At higher temperatures, E drops again due to further 
transition from the hairpin structure to a random coil (thermal denaturation of 
stem). The melting temperature of the stem for the MB was determined 
experimentally to be ~80 0C, which was comparable to the theoretical value of 
83(± 4) 0C obtained using the DNA folding program.23   
LDR primers were designed to detect point mutations in codon 12 of the 
K-ras gene associated with colorectal cancer.16,42 For this particular mutation, the 
second position in codon 12, GGT, coding for glycine, mutates to GAT coding for 
aspartate, which can be detected by ligation of an allele-specific primer having a 
discriminating base (A) and a phosphorylated common primer. Using LDR 
primers designed specifically for the K-ras G12.2D mutation, LDR reactions were 
performed following the described procedures (see experimental section) and the 
product formation was verified using capillary electrophoresis coupled to near-IR 
laser-induced fluorescence. Samples were separated in a 50 cm capillary using 
0.8% (w/v) hydroxyethyl cellulose (HEC), 1 % poly(N-vinylpyrolidone) (PVP), and 
7 M urea in TAE buffer. Both primer peaks and a LDR product peak from the K-
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ras 12.2 D mutation (shaded, see Figure 4.13) having a T/A matched base pair 
was observed, whereas only the primer peaks were seen in the reaction 
containing only wildtype sequences (C/A mismatch). 
 
 
Figure 4.13.  Capillary gel electrophoresis analysis of LDR samples in a 50 cm 
capillary having, 1% PVP, 0.75 % HEC, 7M urea in TAE buffer (pH 8.0) with 3 s 
injection and run at 12 KV. The control sample contained a LDR 25 nM, 
discriminating primer for codon 12, 50 nM, common primer and 2.5 nM, wildtype 
template. The other sample was a mixture of both K-ras G12D mutant (2.5nM) 
and the wildtype template in 1:1 ratio. Detection was carried out using a NIR-LIF 
detection system equipped with a 633 nm He-Ne diode laser and SPAD detector. 
 
4.8.2. Single-pair FRET Detection   
 
Initial SMD studies involved interrogation of the MB models that were 
designed to mimic the LDR product formed in the ligation assay. Fluorescence 
bursts resulting from spFRET of digested and undigested MBs traversing the 
laser excitation volume were histogrammed as shown in Figure 4.14. The 
digestion process was carried out using OminiCleave™ Endonuclease, which 
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possesses the capability of digesting both double and single stranded DNAs to 
di-, tri- or tetranucleotides. Clearly, both digested and undigested samples in 
Figure 4.14 show peaks above the threshold level determined from the blank 
sample. Over a 20 s acquisition time, 7 events were counted from the digested 
sample, 24 events from the undigested MB and 0 events from the blank. 
 
 
 
Figure 4.14. Histograms showing the number of events from 20 fM, digested, 
undigested molecular beacon and blank (buffer). The molecular beacons were 
digested using DNA OminiCleave™ Emdonuclease in 50 mM, Tris-HCL buffer 
(pH 7.5), 100mM NaCl, 0.1 mm EDTA, 1mM DDT and 0.1 % Triton® X-100. 
FRET studies were performed at 65 0C in 1X TBE buffer (pH 8.0).   
 
The events counted from the digested samples arise from the partially 
undigested MBs that may still be in solution. At a concentration of 20 fM, and the 
probe volume (Pv) of 1.5 pL, the probability (Po) of finding single molecules within 
the probe volume was ~0.02, which was calculated from the equation; 43 
( )9.4vAo PCNP =  
where C is the analyte concentration, NA is Avogadro’s number.  
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Typically, LDR assays are coupled to a primary PCR reaction with the 
amplicons used as the templates for the ligation reaction.18,20,44 To evaluate the 
efficiency of LDR directly on genomic DNA,  we carried out spFRET studies 
using PCR products and genomic DNA extracted from cell lines containing a 
known K-ras genotype (HT29; wildtype and LS180; G12.2D mutation). Figure 
4.15 show plots of the number of events detected at various threshold levels for 
an LDR assay having ~3,000 copies (10 ng) of initial wildtype and mutant 
template for both PCR product and genomic samples. A blank having no 
template was also analyzed.  Applying 20 LDR cycles and assuming 100% 
ligation efficiency for each cycle, one would expect ~60,000 LDR products. 
 
 
 
Figure 4.15. Plots showing the number of events counted verses threshold of 20 
cycle LDR reaction having ~ 3,000 copies of initial template and 10 pM primer 
concentration. The templates used were diluted from PCR products and genomic 
DNA extracted from cell line of known K-ras genotype. The dotted line indicates 
the threshold level, which was chosen to set the false error detection probability 
to zero. 
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LDR samples were diluted by equal amounts of water to a concentration where 
the probability of occupancy (P0) of single hairpin was 2.2 x 10-3 (calculated from 
Equation 4.9). The number of molecules passing through the probe volume per 
unit time (Nev) was calculated from; 43 
( )10.42
o
epo
ev
P
N πω
ν=  
were νep is the migration velocity of DNA and  ωo is the 1/e2 beam waist (5 µm). 
Therefore, with a concentration of ~30,000 copies in the 20 µl sample well, we 
would expect 28 events per 100 s. From Figure 4.15, no events were detected 
above threshold for the wildtype PCR products or genomic DNA during the 100 s 
acquisition time. Conversely, events were observed from LDR products formed 
by mutant samples having a T/A match. Six and 12 events were found above a 
threshold from PCR products and genomic DNA samples, respectively. 
Therefore, a detection efficiency of 42 % was calculated. These results indicate 
that LDR can be performed efficiently on genomic DNA directly. Our calculated 
detection efficiency should be considered provisional, since the number of events 
expected depends on the ligation efficiency for each thermal cycle and this was 
assumed to be 100 %. 
Studies were next performed on genomic samples containing a minority of 
mutant templates in a majority of wildtype to determine the ability of detecting low 
abundant point mutations using spFRET. Figure 4.16 shows fluorescence bursts 
from LDR samples having 600 copies (2 ng) of mutant template in all reactions 
and changing the wildtype concentration with the ratio of mutant to wildtype 
varied from 1:1 to 1:1000. Clearly, the histogram in Figure 4.16 shows that single  
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Figure 4.16. (A) Fluorescence bursts from individual LDR product undergoing 
spFRET and (B) histograms showing their distributions. Genomic samples with 
ratios of mut:wt ranging from 1:1 to 1: 1000 were used in the measurements. The 
initial concentration of the mutant template in each assay was 2 ng. WQS filtered 
photon burst distributions were constructed using bin widths of S(t)= 25,000. 
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molecule events were observed from samples having the point mutation even at 
1000 normal templates to 1 mutant.  
The ligation efficiency of our LDR assay having different ratios of 
mutant/wildtype sequence was next investigated using digital spFRET. The 
wildtype copy was varied from 2ng to 2µg while keeping the mutant copy number 
constant (2 ng), resulting in a mutant/wildtype ratio of 1:1 to 1:1000. The number 
of events from LDR rMBs detected above the threshold in Figure 4.16 was 
plotted against the mutant to wildtype ratio as shown in Figure 4.17. From this 
result, we note that the addition wildtype sequence resulted in reduction of the 
formation of rMBs by the ligation reaction, suggesting that the wildtype template 
acts as a competitive inhibitor in the assay. 20 
 
 
Figure 4.17. Histogram showing the number of events detected from LDR-
formed rMBs for different ratios of mut:wt with the copy number for the mut 
remaining constant (600 copies). 
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Figure 4.18.  Fluorescence bursts and distributions from individual LDR product 
undergoing spFRET as a function of LDR cycle number. Genomic samples with a 
1:10 ratio of mt:wt were used in the assay. Initial concentration of the mutant 
template in each assay was 2ng.  
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In the previous examples using spFRET, we eliminated the sample 
processing overhead associated with PCR and performed the allele-specific LDR 
directly on genomic DNA. However, the assay still used linear amplification 
during LDR and a processing time for this step was 100 min (20 cycles).  
Therefore, we attempted to perform spFRET using only a single LDR thermal 
cycle to significantly reduce the processing time without sacrificing information 
content from spFRET. Figure 4.18 shows fluorescence photon bursts resulting 
from LDR produced rMBs linearly amplified using 1 mutant to 10 wildtype  
 
 
Figure 4.19. Linear calibration plot showing the number of LDR cycles verses 
number of fluorescence events 300 sec.  
 
sequences in the reaction cocktail. Five ± 3.6 events were detected using only 
one ligation for cycle for LDR. The histogram indicated no product observed for 0 
cycles.  Similarly, the control sample having only the wildtype showed no bursts 
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above threshold. A plot of the number of events verses cycle number is shown in 
Figure 4.19. The plot was linear over a large dynamic range with a linear 
correlation coefficient of 0.989. The linear plot is consistent with the linear 
amplification process associated with LDR.  
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Figure 4.20. Fluorescence burst and distributions from individual LDR products 
undergoing spFRET a single LDR thermal cycle performed directly in a PMMA 
microdevice. Genomic samples with 1:10 ratio of mut:wt were used in the assay. 
Initial mass of the mutant template in was 2 ng.  
 
For data secured in Figure 4.20, one single LDR thermal cycle was 
performed directly in the PMMA microchip. The LDR reagents, mutant and 
wildtype genomic DNA  were loaded into the sample reservoir of the microchip 
(see Figure 4.8) and allowed to move through channel ( electrically driven) where 
the surface heating was situated to allow denaturation and subsequent ligation. 
This was followed by single molecule detection at the desired temperature to 
allow thermal denaturation of the duplex formed between the target DNA and 
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LDR product, which then produces the rMB for spFRET. As can be seen from the 
data displayed in Figure 4.20, 4 events were detected above the threshold for the 
1:10 mutant to wildtype ratio, 10 for mutant only and 0 for control (wildtype only). 
The events detected from the one LDR cycle having a 1:10 mixture of 
mutant:wildtype follows those expected based on the number of starting template 
in using regular thermal cycler in Figure 4.19). This data clearly shows that 
mutation screening of mutant DNA in the presence of wildtype sequences using 
LDR and spFRET can be accomplished under 5 min, providing a near real-time 
molecular diagnostic information 
4.9. Conclusions 
 
The exquisite sensitivity of single molecule detection can be used to 
eliminate processing steps required in multi-step assays, reducing analysis time.  
In the present example, we eliminated the need for PCR amplification and 
performed an allele-specific ligation assay directly on genomic DNA.  In addition, 
the high sensitivity afforded by single molecule measurements also eliminated 
the need for thermal cycling during the ligation step.  The specificity of the ligase 
enzyme toward mismatches coupled to spFRET of rMBs formed as a result of a 
successful ligation reaction for mutated DNA even in the presence of wildtype 
sequences provided real-time molecular diagnostic screening even when the 
copy number of target sequences was low (600 copies).  
Many exciting applications can be envisioned for assays which employ 
real-time molecular diagnostic formats.  For example, real-time detection of 
molecular signatures of specific tissue types could provide the surgeon 
information on what tissues to remove and what not to remove, which would be 
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invaluable information for cancer procedures in delicate areas, such as the head 
or neck.  In addition, the disease state of tissues could be assessed directly in 
the surgical room during an endoscopic examination without the need for sending 
a biopsy sample to the pathologist, eliminating the need for an additional surgical 
procedure.  Finally, screening of postal mail at high speeds for certain biological 
agents, such as anthrax, could be envisioned using simple assay protocols as 
that described herein.  The ability to provide real-time sequence information 
would allow isolating potentially infected materials quickly and efficiently.        
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CHAPTER 5. CONCLUSION AND FUTURE WORK 
 
The focus of this work involved development and application of 
ultrasensitive laser-based methodologies for clinical diagnostics. The methods 
developed have the potential to be applied in many fields such a biomedical 
research that involve early-stage diagnosis of various genetically-related 
diseases.  
A background on genome analysis was discussed in Chapter 1. Different 
techniques that are currently applied in mutation screening and diagnostics were 
presented. The important aspect of this introduction was to demonstrate some of 
the challenges associated with developing an “ideal” technique for  screening 
and detecting mutation that are associated with certain disease states in 
humans. Both advantages and drawbacks for some of the commonly used 
techniques are discussed.  
In Chapter 2, I introduced an ordered shortgun sequencing (OSS) method 
widely applied in genomic research to acquire information on the primary 
structure of genomic DNA. The method has the capability of amplifying single 
DNA molecules to allow sufficient number of copies for sequencing analysis but 
lacks fast processing time and is also not conducive to automation.  PCR of 
single DNA molecules as an alternative technique to the sub-cloning step in the 
OSS method is proposed. Amplification of low copy number DNA using two 
amplification strategies, namely conventional PCR and hot-start PCR is also 
demonstrated. Two different polymerase enzymes were evaluated for their 
efficiency to amplify low copy DNA. The PCR products were evaluated using 
capillary gel electrophoresis and then, served as templates for sequencing.  
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In Chapter 3, an overview of single molecule detection (SMD) was 
discussed. A thorough explanation of SMD in solution and its applications in 
diagnostic research is reported. Microfluidic devices used as analytical platforms 
for SMD measurements were also introduced in that Chapter. Details on different 
substrates used for fabrication, fabrication techniques, and applications of these 
microfluidic devices are described. A simple confocal detection system for SMD 
measurements was constructed and used to detect labeled DNA molecules in 
PMMA and PC microfluidic devices. Optimization studies were performed to 
increase the sampling efficiency by electrokinetic focusing and narrowing of the 
channel width of the microdevices.  
In Chapter 4, a novel technique capable of detecting low abundant point 
mutations directly in genomic DNA without an amplification step was 
demonstrated. The strategy has the potential to analyze molecular signatures of 
disease states in real-time using spFRET. A review on current mutation detection 
methods used to analyze genomic DNA is given. PCR-based and non-PCR 
based mutation detection techniques were discussed. In addition, strategies 
applying SMD for genotyping were also reported. A detailed description of a 
FRET-based assay that couples molecular beacon technology and dye-labeled 
oligonucleotide ligation was given. Also, the assay’s ability to rapidly detect low 
abundant point mutations in unamplified genomic samples was demonstrated.  
5.1. Future Work 
 
The goal of this research was to develop detection assays that are rapid, 
highly sensitive and have the capability to perform multiplexed analyses. In this 
case, multiplexing refers to the ability to screen and detect multiple genetic 
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variations associated with certain disease states in a single assay. For example, 
one can perform an assay that would detect point mutations that are located at 
different codon sites in a gene. This can be achieved by developing more 
complex, highly specific detection assays that have the potential to resolve and 
analyze experimental information collected. 
 LDR-spFRET that was developed has some of these qualities. This 
method is sensitive and has the capability to resolve information on a particular 
species (mutant) in a heterogeneous population. Applying this assay in a 
multiplex format would require additional probe and instrumental development of 
the current assay. That would include designing new primers that are specific for 
different mutations which form stable LDR products (reverse-MBs) in the 
presences of perfectly matched duplexes. The detection system has to be 
developed so that more than one biomarker (mutation) can be acquired from a 
single assay. For that reason, a multiparameter confocal detection system shown 
in Figure 5.1, with a multiplexing capability, has been proposed. The system can 
be used to analyze multiple mutations at the single molecule level. The system 
offers three level of information, that being spectral discrimination, fluorescence 
burst distribution (intensity) and fluorescence lifetimes. The dual-color setup 
would allow spectral discrimination of a set of FRET probes used in LDR-
spFRET assay while fluorescence burst and lifetime measurements will be 
additional parameter that can be deduced in each channel.  
The first phase of the project would involve the use of Cy5 as the donor 
with Cy5.5 (710 nm channel) and Cy7 (780 nm channel) as the acceptor probes 
for the LDR-spFRET assay. Cy5 would be labeled to the 3’-end of the common 
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primer while the acceptor dyes would be labeled to the 5’-end of a discriminating 
primer that is specific for certain point mutations. The modified detection system 
would then have two dichroic mirrors (690DRLP and 760DRLP) that would be 
used to distinguish fluorescence emission from the two acceptors and also filter  
 
 
Figure 5.1. A schematic of a multiparameter confocal detection system used for 
SMD in microfluidic devices. The dual-color unit consists of a diode laser (λ-635 
nm) that is directed into a 60X objective using the first dichroic (D1) mirror and 
focused into the microfluidic channel. The fluorescence collected by same 
objective is the transmitted through D1 and D2 where the transmitted light is 
imaged onto a pinhole and processed using a single photon avalanche diode 
(SPAD) in the first channel(780 channel). On the other hand, the reflected 
emission at D2 dichroic is imaged onto a pinhole and processed using a second 
SPAD in the second channel (700 channel). TCSPC setup would consist of a 
pulsed laser and TCSPC card in each channel (see diagram). 
  
out reflected light from the light source. Shown in Figure 5.2 is a filter set that 
would be used for FRET detection using Cy5.5 and Cy7 dyes. Emission from 
Cy5 is spectrally rejected using a 690 DRLP dichroic mirror together with a 
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longpass filter (690ALP). In addition, the 760DRLP dichroic mirror is used to 
spectrally separate the emission into two color channels, 710 and 780 channels, 
where individual intensities from each acceptor molecule undergoing spFRET 
can be detected. Additional longpass filters are used in the 780 channel to filter 
emissions that may leak from the 710 channel.  Fluorescence burst information 
from LDR products can therefore be analyzed in each channel and processed 
using the single molecule counting board (PC100D, Advanced instruments) 
equipped with two counters that have zero dead time between data collection 
and processing.    
 
 
Figure 5.2. Schematic showing a filter set to be used in a dual color 
multiparameter confocal detection system. 
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The second phase of the project would involve integration of fluorescence 
lifetime measurements as the third parameter. In these experiments, the 
excitation source would be replaced with a pulsed-diode laser so that lifetime 
information can be collected. A time-correlated single photon counting (TCSPC) 
board would be used to process information from the two channels to obtain both 
lifetime and fluorescence burst information. Moreover, using a set of fluorescent 
probes with similar spectral properties and different lifetimes gives room for 
additional applications that would eventually permit complex multiplexing 
experiments to be performed. Cross-correlation analysis of the raw data obtained 
in the two channels can be performed in these experiments where fluorescence 
events obtained from the quenched donor (additional optics would be required for 
a third channel) are correlated to the those obtained from each of the acceptor 
molecules in the other two channels so that the presence of coincident signals 
would indicate the presence of reversed molecular beacons formed in a LDR 
reaction.  
VITA 
 
Musundi Ben Wabuyele was born to Mr. Joseph Mukewa Wabuyele and 
Mrs. Delilah Nanyama Wabuyele on October 20, 1974, in Kisii, Kenya. He has 
six sisters and four brothers. He attended high school at Friends School 
Kamusinga from 1988 to 1992 in Bungoma, Kenya.  
Upon graduation, he enrolled at University of Nairobi, Kenya, in April 
1993. He graduated with a Bachelor of Science degree in chemistry in 
December, 1997. In the fall of 1998, he began his graduate school at Louisiana 
State University in the Department of Chemistry, Baton Rouge. In October 2002 
he received the James Robinson Award for excellence in Analytical Chemistry. 
He is a member of the American Chemical Society. Musundi B Wabuyele is 
currently a candidate for the degree of Doctor of Philosophy in analytical 
chemistry, which will be awarded at the May 2003 Commencement. 
 
 161
